In-air generation of radio signals: geomagnetic
and Askaryan
“charge excess” - N_N_, ~0.25 E (GeV)
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Fig. 3  Left: Characterisation of the geomagnetic radiation mechanism; the arrows denote
the directions of the electric field vector in the plane perpendicular to the air shower axis.
The emission is uniformly and linearly polarized along the direction given by the Lorentz
force, 7 x B (east-west for vertical air showers). Right: Characterisation of the charge-excess

(Askaryan) emission. The arrows denote the direction of the electric field vectors which are
Intermezzo: DAQ architecture
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0 & Q: Estimate the thermal noise voltage
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E=5 x 10*® eV: Dependence of on-
grond radio footprint on zenith angle.
Note scale!!!
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T-510: Slam an electron beam into an HDPE target in a B-field.

Given: a) what you learned from Prof. Pravata about the critical
energy in an EM shower, b) the fact that the beam energy is 10
GeV, ¢) estimate the B-field strength required to simulate air-

showers in tthis testbeam environment

2GHz,
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FIG. 1. Schematic of the experiment, not to scale.



SLAC T-510 testbeam experiment

FIG. 2. Left: The HPDE target and magnetic field coils.
Right: horn antenna array in ESA.



SLAC T-510 testbeam experiment

IlIIlIIIlIIIIIIIIIIIIIIIIII
-._z 5 =
= = Endpaints lﬂ
nA"—;—a.mkG
-~ 0.73 kG e .
|~ -0.49 kG
| 80,24 kG
—- 0 k5
'D'-E——!—n.zq kG
L~ 0.49 kG
0.73 kG

[ —§-0.97 kG
0.0

——7FH5:
E - '— Endp]:linl:;

I1[III'|T

H/V Peak Voltage Ratio
|
Voltage (V)

—0.2

~0.4} -

~-1.5-1.0 -0.5 0.0 05 1.0 1.5 -3-2-10 1 2 3 4 5
Magnetic Field (kG) Time rel. to peak (ns)

FIG. 6. Left: horizontally polarized signal normalized by ver-
tical showing the expected linear behavior vs. magnetic field.



— 100m Q: Estimate the scale of e+/e-

-+ 200m s charge separation’in an EAS
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Fig. 2 Modeled radio pulses (left) due to geomagnetic effect in a 10'7 eV air shower
as observed at various observer distances from the shower axis as well as corresponding

frequency spectra (right). Effects due to the refractive index of the atmosphere are not
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Sensitivity of radio technique to shower maximum=>composition!
Q: Which species penetrates further into atmosphere before reaching max
(and why?)

I 55[]_ B Auger fluorescence 2015 o
E ® Tunka-133 air-Cherenkov 2015 hon -
S gpod 4 LOPES ateral siope e
": ¥ LOPES wavefront =
% 40 = 750- # LOFAR top-down -
5 [ LOPES — E * Tunka-Rex |lateral slope o
3 35F E‘:fgw 333 > PR e
“E E uncertainty . - 0 vl ?D[]—
E 3[]__ nnxm“ EGREASP---- ﬁ
E E — proton Mezan 679 E
2 25F +— iron SiDev. 77 = 650
20 - CoREAS Fe— %
- Mean GO4
C Si.Dev. 56 L 600
15
s © » — OGS Jet-11.04
10f £ 550- - -Epos-LHC
- @ T - Sibyll-2.3
- =) ya
5; i i : SDG 1 L) 1 L) | L) 1 1 1 | 1 1 1 1 | 1 1 1 L) | L) 1 L) 1 | 1 1 1 1 | 1 1
i i 1-|.|"-'|-.'||||||||| |||||| i i i g 1515 1?‘[] 1?‘5 18,[] 18,5 19.[] 195
300 400 500 600 700 800 900 10000

reconstructed X o, [g/cm’] |g (EHEFQ}’ / EV]



From air—ice:The long-
wavelength Cherenkov
CONCEPT (Askaryan), In-ice

* Look for Ultra High Energy neutrinos E,. > 1014 eV

* Look at the reaction v.+ n— p + e-in a dense medium
(We use ICE at the South Pole)

* e+ — e+ey shower develops and y +e- and e+e-collisions
sweep negative charge into the developing shower

* Each particle emits Cerenkov radiation that is radio
“coherent” but is incoherent in the short wavelengths



Idea of Radio Detection (RICE: E>100 PeV)

Ne+N-> e+ X

High Energy e- initiates
electromagnetic cascade in
iIce(bremsstrahlung and pair
production at high energies,
Compton, Bhabha, Moller,
photoelectric effect...)

Charge imbalance develops

Net negative charge moving
faster than c in ice=Cerenkov
radiation




Radio Emission From EM-
Showers: lli

Q: Estimate the number of particles required to
* Each Charged have A __>A _ - assume typical radio/optical

radio optical’

particle emits wavelengths and also assume E=hv

broadband
radiation.
Shorter
wavelength
radiation
Interferes
destructively

Q: How does the width of the
Cherenkov cone vary with frequency?
N.B. cf muon-generated C-cones



EM Pulse generation

1.  Pulse increases with Energy

Narrows with frequency

3. Some ~10% numerical
differences between codes

4. ~Single-slit source

N
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MANY Experimental results (Saltzberg, et al.) confirms coherence and Askaryan effect




charge asymmetry in particle
shower development results in a
20% excess of electrons over
positrons in a particle shower

moves as a
compact bunch, a
few cm wide and
~lcm thick 2>
Moving net
charge in a
dielectric

wavelengths shorter than the
bunch length suffer from
destructive interference

nucleus Lis the
VvV >3 length of
the bunch

E > 101V

electric field strength
proportional to the square
of the shower energy

m=— A >> /

Add coherentlyl



Schematically:

..............................................................

Antarctic lce
~—— Antennha Alray

Cherenkov Angle

lnteraction Site

IS

LUHE Neuttino

\

Radio Emission
(Pulse trtavels along a
cone-shaped surface)

(Spray from
collision)




Q: Estimate the energy at which A _. >A

radio optical

Inputs: Optical BW: 200 nm (incoherent), Radio
BW: 500 MHz (coherent). |
Frank-Tamm formula: % - Zuee(1-555)

Experiments:
1) Vostok 3-antenna proto-array (1990-putsch)
2) RICE (1995-2011)
3) AURA (2008-2012)
4) ARA (2009-)
5) ARIANNA (2005-)
6) ANITA (2004-)



Neutrino-generated

showers, and detection,
IN air and In-ice

Q: Estimate the thickness (g/cm?) of a radio receiver
looking horizonta lly from IITK




Slant Depth (g cm—2)

In-air grammage vs. slant-angle
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First work at Vostok

First background studies and Hydra J

Drilling equipment at Vostok, “‘80s

* 1985-1986:

— noise studies w/ single module

. 1986-1987: Hydra -

— 3 broadband receiver channels

— Pinger locations reconstructed

— Man-made backgrounds investigated
(sources coincide with station objects)

— Upper limit on flux of impulse pulses
from ice obtained <

Proc. 20th Intfer: Cosmic Ray Conference. w e
Moscow, "NAUKA"™, 1987, vol. 6, pp. 472-275.




f}k‘
M'Pw Detection of ultrahigh-energy neutrinos in ARA

Amundsen-Scott
South Pole Station
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Neutrino cross-sections (compare to p)

very 4iQ: From Prof. Jain’s lecture, write a fomula for, and find the mfp of a; ...,/

Lo

mixGlashow resonance neutrino n1 in terms of the number density of targets Ne.

e
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“Low energy” - Big Bang Neutrinos (BBN), 300 per cubic
centimeter, 13 billion years old. E~.001 eV

“Medium energy” - Solar neutrinos, 60 billion per thumb per
second.

— On average, only one will be stopped by biomass per
lifetime.

* Aside: 40K neutrinos In salt=>each person emits 200
million neutrinos per day

“High energy” - Supernova neutrinos, 1015 eV, 1/mz2/sec
Cosmogenic peaks at ~1017.6 eV




Radio properties of the target
(=propagation) medium dictate
sensitivity of a neutrino-
detection experiment!



Low temperature environment testing in Lawrence, KS

kers supermarket vegetable freezer




’ ‘ winch My red parka

SuriMon? SurfMonl

—

SG

Aluminum PVA

1800 m

oprMN ' —o W

|_-

SPICE core testing (Dec., 2018)




IIiIIIIiIIIIFIIIIE

“0.km

F'U|§5

er/R

;eceiver cug:rrdinf::ttes

testbhed
o

IV UL SO SR SOV Mol SN SO
- A3 : |

225 DP

........................................................................................................................

IIII:EIIIIillIIillslkInllIiIIIIEIIII:IIII:IIII.




Graded index of refraction, Fermat’s principle, Huygens
construction, Feynman diagrams, shadow zones, and n(z)

Direct and refracted rays from IC-1 1o ARA-2 (center)

P R I
o -9.8m N [ .
- [ ] T
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IC-1 pul:f
total propagation time~22pus | ’J




Double pulses and refraction — SPICE core data (Dec.,
2018)

YFoCh ‘o Chl

R

E E OO0 e e e e e T 15F .
S00F ot L A NI N S mvi e M _
00 Aotk b GO0 e L
500k - DO0F- - A b b e S ¥ E -

g of : o -
SO0E-- 200 -+ :. A ¢ _ _
000E - AQOE- - : BOOE -4-- 1. Li- 3
— mnE 5:.:;_ Geaed L E - _
3'3'3; ] T R T o 3 . e

e B oo B

OO -m- e b mepm o e g m b e e

L0 200 000 4000 SO0 200 700 300 ;El'.l'._ O R0 00 00 00 SO0 Bl 700 300 EI'.I'._

En:n:u:Lmr

=

‘WFalch 4 WFol Ch i WFoChi ‘WaCh T

mcf_mj‘f ...... [ | | I i -E_
[ ]| i, ISR (PR [ -l. il:i
i':':;—""'.' ...... - .................... E. _E
3:':;—. e - .3.. e :. - -.;—. j=_
o o 2
200E- R i o [ lEE_
d:c;_. I r Feeenre '.'|E
5:.:5_. e ma : e ..E.. 10F
o SO AN SO SRS SO 15
200 [E ik i 400 B0 1040

ok
15
10
5
a
5
10
15

I I I
FIEE 00 [IEE K VR

200 00t b feeges feeene E'I"I"I’h"’ R - — =

- 200f oo oo b [ e st L

3;.3- 200f--14 ..... i— . ;

A00F S T IV ceheeeaan]s F :

e 2 I L
i gl ——afr gl ‘5!1"‘



Entries (normalized)

Birefringence! (Estimate n -n)

d(t, ): INe=AZ ( |ice tlow)/pts=A4 (|| ice tiow)

= A2 Chs 8/0
- — A2 Chs 9/1
0.2 —— A2 Chs 10/2
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Voltage (V) (offset)
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[ Bedrock retlection (V"R* 1nu-u.r[15|.|Hz 0.5ns)) I

% =y F?ﬁﬁl' Ii | ' I 1
LI “ y _
* Parallel to ice-

" flow direction

[ bed reflection/Time domain |
o (]

Foox Predict the shape of A(®)

=
01

0.05

L1}
r
Eef
005
-0

015
-0z

025

Bedrock reflection (V'R* 1uunr[15|.|H -0.5ns))
09

= 13
=
2
=
E 04
)
=
03

- Perpendicular to
iIce-flow direction




T R
log (Ve ot /V o)

Ratio of V(fast)/V(slow)

.......

........

.......

........

surfiace iceflow
i . +

.......

........

[T L ———

........ Ak S SR SRS NS SHNU FO—

.....................................................

Iﬂg{vfaetwslm'.'] .

Cosine fit

a0

100

120

140

160

180

200

220

240

260 280



All polarizations synchronous to 1.3 km (internal layer reflections)

0.06 ! ! ! ! !

0.04

[:I.UE : E 3 e -'._'_""" L) ""i"- """"""""""""" X '".""'"é'"_-""-'_'.'".""'. """""" .'"."""E'""- """"""" T AT A

, :

: : ; ! ; ; ;

1 L 1 . L R 1 L o F o= ' i

. A - '|" TH A S o . . LR I CRLE LT, - : R J LY o P i T R i ' B

0.02 foriuepiibofiiaiit il do A b d Sttt B AT 2 el et ettt S e S

! O ! el : ! !

) ' P W ' '

;

Voltage (V) (offset)

y

!
= P A 1 i - . Al & § &
Bl 0 ILIRR L L e Ay Py I TPR U WP T T Y T PP SN W O Ik
TR ey L L e A
i

: i :
14200 14300 14400 14500
Time (ns)

-60° 0% e 600 o ee e
_3[]':' EDD QDU




RF Field Attenuation Length (A4/A5 DP data): <L e >=1.43+0.25 km
aten

(E)ntries

= N ;
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N.B. Shadow Zone effective attenuation length ~ 500 m



SP Temperature Profile (affects L _(z))
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Greenland T(z)

Greenland Temperature Profile at Summit
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Attenuation length as f(depth)
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Sensitive to radio portion of solar flares

ARA ch:dnice, VWepol, 100-1000MH:z
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IG. 15: Solar radio burst of Feb, 13, 2011 as observed by ARA
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DOMs=Digital Optical Module
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Drilling holes with hot water drill
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4.8 megawatt heating plant
Drilling in two phases
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Concerns: Ice moves!!
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Still, it Moves!

Antarctic ice on the move

Larsen lce Shelf

Wilkins
lce Shelf

WEST (Rl
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Velocity magnitude (m/yr)
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Ice Streams

- Present day glaciers
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South Pole slip/stick Velocity profile
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lceCube results: Contained events
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Fig. 3. (a) Light pool produced in IceCube by a shower initiated by an electron or tau neutrino. The me




Non-atmospheric neutrinos!!!
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Overlay with gamma-ray catalog

HESE 4yr with Egep, > 100 TeV (green) / Classical vy + vy 6yr with Ey > 200 TeV (red)

H H

80°

Galactic

" event appears in both samples




And overlay with TA/Auger

Equatorial

™ event appears in both samples

-(.836732 (.836732




Place limits on neutrino source fluence
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290 TeV (22Sepl7) neutrino!

TXS 0506+056

From Wikipedia, the free encyclopedia Coord

TXS 0506+056 is a very high energy blazar - a quasar with a relativistic jet
pointing directly towards Earth - of BL Lac-type.[?] With a redshift of

0.3365 + 0.0010,[°! it is about 1.75 gigaparsecs (5.7 billion light-years) from
Earth.[*] Its approximate location on the sky is off the left shoulder of the
constellation Orion.!>] Discovered as a radio source in 1983, the blazar has since
been observed across the entire electromagnetic spectrum.

TXS 0506+056 is the first known source of high energy astrophysical neutrinos!®],
identified following the IceCube-170922A neutrino eventl’] in an early example of
multi-messenger astronomy.[12] The only astronomical sources previously observed
by neutrino detectors were the Sun and supernova 1987A, which were detected
decades earlier at much lower neutrino energies.[6!

On September 22, 2017, the IceCube Neutrino Observatory detected a high energy muon neutrino,
dubbed IceCube-170922A.!"] The neutrino carried an energy of ~290 tera-electronvolts (TeV); for
comparison, the Large Hadron Collider can generate a maximum energy of 13 TeV.[24] within one
minute of the neutrino detection, lceCube sent an automated alert to astronomers around the world
with coordinates to search for a possible source.[”!

A search of this region in the sky, 1.33 degrees across, yielded only one likely source: TXS 0506+056,
was found to be in a flaring state of high gamma ray emission.!”)8] |t was subsequently observed at o
the electromagnetic spectrum, including radio, infrared, optical, X-rays and gamma-rays.[71[25] The de
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