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Outline

The observation of PeV Cosmic Rays is key to
understanding: sources, acceleration
mechanisms, galactic-extragalactic transition...

e Currently, CRs above ~1 PeV detected only
via Extensive Air Showers (EAS) with
ground-based methods.

e Composition still uncertain (model
dependencies, systematic errors).

New direction: High-altitude detection (~30 km)

e Advantages: larger acceptance, less
absorption, higher efficiency.

Focus of this work:

e Synchrotron X-ray emission from
EAS from e’/e” secondaries in the
geomagnetic field.

e Unique probe of early EAS stages
(HE electrons, >100 GeV).

Goals:
e Model the X-ray emission.
e Estimate photon fluxes at the
detection plane.
e Estimate event rates.
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Outline: EAS (as seen from high-up in the sky)

Idea: detect EM emission from secondaries in the EAS.

Above-the-limb: EAS induced by CRs (> 1 PeV) entering and
interacting in the atmosphere.

Below the limb: EAS initiated by T and y leptons emerging

from the Earth and into the atmosphere following a CC
neutrino interaction inside the Earth’s crust.

LIGHT
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Outline: The Master Formula

For an ensemble of particles in the incoherent radiation regime, the number of photons
emitted by an EAS is given by:

e the convolution of the single-particle spectrum with the electron energy distribution,
e integrated over the entire shower development.

dN (EA‘S max Emax dn dN (1)
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Outline: Geometry

Detgctor The integral is computed along the line of

sight from a reference point to the position
of a fixed detector. The geometry is thus
fixed by the detector position and a

viewing angle

Rpg

Above-the-limb events Below-the-limb events
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Single particle emission
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Single Particle Emission

e The power spectrum is proportional
to the synchrotron function, F(x),
which dependsonlyonx=w/w_

e w_depends linearly on the Larmor
frequency, w , which is itself linearly
proportional to the magnetic field, B.

e The number of photons emitted per
unit time and frequency is just the
power spectrum divided by the
photon energy.
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—(B) = 2w, F (2(E))
dN~Sl) \/ga wr,

dtde (E) = 2w € F(«(E))
with:

L= 2| B| We = g’yzwL sin oy,
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Single Particle Emission: Power Spectrum

10°
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e Most of the power is emitted close to g
the critical synchrotron frequency, w_ s o
e For w < w, the power grows as a ° 1o-2 | — E = 1E+02 Gev
power law up to the critical frequency A ) o g i
e For w > w, the power falls off as an 1071 =+ E;g;gggeg
exponential (approximately) | — - 1evoscey
1072 107! 10° 10! 102 103 104 10°
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Electron Energy Distribution

EAS)
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Electron Energy Distribution

Hillas Nerling
Older model (1982) Newer Model (2006)

e |sanempirical fit to data obtained e Isinbetter agreement with CORSIKA
through dedicated MC simulations in simulations data near the shower
bins of shower age downtos=0.1 maximum (0.8 <s<1.2).

Limitations: Limitations:

e Only photon primary showers were e Has not been validated for young

simulated with energies up to 1 TeV. showers (s < 0.8).
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Electron Energy Distribution: Comparison
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Longitudinal Template
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Longitudinal template

The shower size as a function of grammage - Corsika Shower Template (All electrons; 100 PeV)
was obtained by averaging a total of 1000
simulated CORSIKA showers with: 10%
a 100 PeV proton primary, 10
e QGSJETII-04 hadronic interaction 9 105

model for high-energies,
e GHEISHA 2002d hadronic model for 10
low-energies,
e slant depth, curved atmosphere, and
upward geometry options enabled. 102

103 i

0 500 1000 1500 2000 2500 3000 3500 4000
Grammage [g / cm?]
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Atmosphere: Line of Sights

Do The integral is computed along the line of

sight from a reference point to the position
of a fixed detector. The geometry is thus
fixed by the detector position and a

viewing angle

Rpg

Above-the-limb events Below-the-limb events
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Atmosphere: Density

B_z/c if VA S ].OO km US Standard Atmosphere
if z > 100 km

p(2) =

oo |

10—4 <

e The atmospheric density profile is based
on the 1976 US Standard Atmosphere.

e Isamulti-layer exponential model with
parameters depending on the
atmosphere layer.

e Consistent with the models used both by 10-9
CORSIKA to generate the shower size 0 20 A:oAltitudeG‘?km) 80 100
template, and by EASCherSim.

Atmospheric Density (g/cm?3)
)
|
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Atmospheric Attenuation

I -
r(6) = exp |~ [ [ma(eo(t a
0 _
e Photonsinteract with the atmosphere .
along their path to the detector. By cnioe
e Thetransmission factor dependsonloS s o —
integral of an attenuation coefficient. E 1o — Nctear i producton
e Forasingle element, this attenuation ; Lot ] L
coefficient is inversely proportional to u
the interaction cross-section “ 0
e The NIST XCOM database was queried < 107 \ ‘
to obtain the attenuation coefficients. : Y \ \/‘
Y R 1

Energy [keV]
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Number of Detected Photons

18



Number of Detected Photons

Ny In Band
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Number of Detected Photons

# Photons On Detection Plane Estimate (h = 36.0 km) # Ehotons On Detection Plane Estimate (h = 36.0 km)
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Emission Footprint & Fluxes



Emission Footprint

The spatial distribution of arriving photons
determines the flux. Influencing factors are:

e ¢ lateral deviations from the shower core,
e e angular distribution relative to shower axis,
e photon emission cone with aperture oc1 /y

Geomagnetic field effects:

e HE e have Larmor radii ~10*kmin Earth’s B
e High-altitude showers develop over ~10° km

Plus, propagation and projection effects alter
footprint between emission and detection.

R. A. Torres Saavedra
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Fluxes: Procedure

For every bin in grammage: 10
i 5 o [10keV, 30 keV]
. i = *  [30keV, 300 keV]
Compute expected angular deviations : A . [100keV, 4 MeV]
1034 E ko "... —-—- Limb-viewing angle
i
i
expected lateral deviation !
. . e 1024
magnetic deviation = i
iy i
—_— 1
< 1
> i
o 10 4
Then, perform: !
1
1
1
weighted average of the areas using the 100 ;
electron energy distribution E
i
i
weighted average of the areas over 101 ; ; ; : . ; ; |
84 86 88 90 92 94 96 98 100
shower age, Viewing Angle [deg]

z=36km, E =100 PeV
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Fluxes: Different Altitudes
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Event Rate & Acceptances



Full MC Approach

The standard MC procedure calls for shooting candidates from a generation area, sampling their origin position
uniformly (over the area) and their direction isotropically (over the space of all directions). Tallying the number of
generated candidates that survived, the acceptance is:

N,
G(E) = Ageo Qoo X —

gen

This procedure is justified insofar as the definition the acceptance is the factor of proportionality between the
incident flux and the observed counting rate®.

The geometric area and solid angle terms in the acceptance equation are:

e abandon asphere of radius equal to the radius of the earth, R_, plus a height equals to 112.79 km which is the
height after which we consider the atmospheric density to be negligible

e thesolid angle spanned by the generation area at the position of the detector

However, the photon footprint area is small (<100 m?), generating candidates with isotropic directions would be
extremely inefficient.

1J. Sullivan, Nuclear Instruments and methods 95, 5 (1971).
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Event Rate: Effective Area

e Thesize of the photon footprint area
directly correlates to the maximum
angular deviation away from the line of
sight before the projected area no longer
intersects the detector area.

e A geometric estimate places the value on
the order of 10 radians.

e We cannot simply shoot particles to
identify track candidates: MC efficiency
would be very small.

e An MC generator has been developed to
scan the entire sky to find these AB
factors.

LINE OF SIGHT LENGTH (L)

QGENERATION POINT
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Bootstrap MC Approach: Flux Scan

For a given detector altitude, perform a scan over # Photons On Detection Plane Estimate (h = 25.0 km)
i i i i e [10keV, 30 keV] Emitted
primary energies and viewing angles to e R E s
precompute the following quantities: +  [100keV, 10 MeV] Emitted
2 | [ 10 keV, 30 keV] Received
L. 10 [ 30 keV, 100 keV] Received
e the number of photons arriving on the X [100 keV, 10 MeV] Received
. — === Limb-viewing angle
detection plane #*
e thefootprint of these photons on the c 10!
. 3
detection plane 9
(a8
These quantities are computed for a single 1001
direction: the line that joins the point on the sky
where the primary is generated to the center of
i 1071 : . ; .
our detector at a fixed altitude. o e s i

Viewing Angle [deg]
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Bootstrap MC Approach: Sky Scan

3D View XZ Projection

For every point on our generation area:

0.75
e draw aline connecting this point to the detector
. . . . . 0.25
e define a grid of directions about this point 2
-0.25
-0.50
generate a set of positions
project =1.00 -0.75 -=0.50 —O.ZSXO.(GIJ"(:) 0.25 050 0.75 1.00
compute the hit proportion as e
green) divided by o
0.50
blue
. S . . e . _ X {Fiolction’ _
e  built the distribution of this hit proportion Eri— > . € o0
. ) -1.00 -0.75 -0.50 .25 XO.((I):’) O.Z 050 0.75 1.00 N S5
-0.50
e extract the median value el
-@an5
Y (m)
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Bootstrap MC Approach: Sky Scan (Cont.)

e Repeat the bootstrap procedure for the e 100

set of all directions on the grid of A6’
and A¢’ angular deviations with respect

to the reference direction. 10—1%

e Repeat this procedure for all points on _ %

our generation area, and store the "3 §

results. 102 §

After this procedure, for each point on the -
sky, we have a map of single hit probabilities, o

p,. .. forallisotropic directions from that
point in the sky.
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Bootstrap MC Approach: Sky Scan (Cont.)

LoS (in DCS): 8=24.53°, $=20.00° LoS (in DCS): 8=66.00°, $=20.00°
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Acceptances at Different Altitudes

From the single hit probabilities, we compute an

efficiency factor for every position in the sky as: 10
20 km; Nthr = 3
AG/ A¢/ 25 km; Nthr = 3
gl(E) = Z P(Nhit Z Nthreshold; N’y,i(E)apm,n) X (#) — 30 km; NTHR =3
(V2]
i & 1073
X o o W R
And we compute the acceptance as: g i =§iilllll==!g--n
c L
1 N. 3 4
GE) = (Aguo o) X 17— 3 22 &(E) S|
N, gen N, cells é(’ ,A‘"
/
/
= (Ageo Qgeo) X 77— > &(E) /
cells i . PRELIMINARY
10 1015 1016 1017 1018
Valid so long as our generation area is subdivided Primary Energy [eV]

into equal-area cells. . . .
. Circular Detector. Looking at limb.

FoV=70°R=1m.
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Acceptances at Different Altitudes

From the single hit probabilities, we compute an

efficiency factor for every position in the sky as: 10
20 km; Nthr = 3
AO AG T oy P
mAQ, =2 M 30 km; Nrr = 3
&(E) - EP(Nhit Z Nthreshold; N’y,i(E>7pm,n) X (TQS) —_ 18 ““ o
m,n | ‘\
-: Rt
‘v 1073 \
And we compute the acceptance as: © N\
W,
I e
1 N S 1074 h
gen o =.
G(E) = (Ageo Qgeo) X N N &i(E) L B
gen cells £ ‘%
1075 \%-_
= (Ageo Qgeo) X —— > &(E) i,
geo - “geo 7 i
Neets 5 os [PRELIMINARY \
1015 1016 1017 1018
Valid so long as our generation area is subdivided Primary Energy [eV]

into equal-area cells. . . .
. Circular Detector. Looking at limb.

FoV=70°R=1m.
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Conclusions

The results:

e for below-the-limb trajectories, fewer photons arrive to the detection plane since the
shower develops in a denser layer of the atmosphere. Further, the flux is only appreciable
at angles for which the emergence probability is too small.

e for above-the-limb trajectories, the number of photons is significantly larger, and the
footprint is such that the signal could be detected by a sub-orbital experiment.

e aballoon mission flying at an altitude of 20 - 30 km with a detector with an area of few m?
could observe this signal.

Ongoing work:

e MC machinery for detailed study of the emission footprint at the detector position.
e Study of optimal detector geometries for detection.
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Transmission Factors



Transmission Factors (J1o keV, 30 keV] band)
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Transmission Factors (|30 keV, 300 keV] band)
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Transmission Factors (Jioo keV, 4 MeV] band)

Transmission Factors To Detector Position (6p = 83.93 deg) Transmission Factors To Detector Position (6p = 90 deqg)
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Emission Footprint & Fluxes
(Details)



Lateral Deviations: Lafebre’s Distribution

100 —— ——— -
e Lateral distribution is bivariate in ol S __
shower age and e” energy. ol ]
e The model (and simulations) suggest 2 0l 7 !
that the scale of lateral deviations : b R ]
depend on e” energy. T
e Reasonable to expect higher energy =0 k
e”* closer to the core. o i \
e Nodistribution has been explicitly e o RN
verified for young showers and HE e 10_510.3 T T

Lafebre et al. (2009)
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Lateral Deviations: Hillas’ formula

E T, (21 MeV
— (2.06 + 2.565° 7 2
<a:> ( + S) MeV v E

e [n his paper, Hillas provides a formula for the mean displacement from the core
as a function of the e” energy, E, and scaled angular variable, w, which is itself a
function of the e” polar angle with respect to the shower axis.

e Hillas also provides a formula for the expected value of w, but since his MC
simulations were of E.M showers with low primary energies, we seek a better
description of the electron’s angular distribution.
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Angular Deviations: Distribution Comparisons

Several parameterizations were studied:

e Hillas: fit to low energy EM showers.
Explicit dependence ons.

e Kalos et Blatt: approximation to the
solution of a diffusion equation.

e Lafebreetal.: fit to CORSIKA showers,
focusing on the low electron energy
range (1 MeVto 1GeV).

e Bergman et al.: fit to CORSIKA showers,
focusing on the high electron energy
range (1 GeV to 1 TeV).

R. A. Torres Saavedra
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Magnetic Field: Concentric Circles Structure

Distance from Detector Position [km]

Electrons will stray away from the shower 300 250 200 150 100 50 0
core due to the effect of the magnetic field.
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10!

On the detection plane, higher energy

% 103
X-ray photons, come from electrons that: > 100 ¥
. . ) z8
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S 07 X
shower development, 8 10
[a
are far off from the detector, 1o
e have suffered fewer deviations, and
are thus closer to the core - 107
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Magnetic Field: Concentric Circles Structure

Distance from Detector Position [km]

Electrons will stray away from the shower @30 B0 20 10 100 50 0
core due to the effect of the magnetic field.

102

10!

On the detection plane, lower energy X-ray
photons, come from electrons that:
e come from positions later in the
shower development,
e arecloser tothe detector
e have suffered more deviations, and
are thus farther from the core
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Magnetic Field: Hillas’ Parameterization

e Hillas proposed the quantity, x ,as a
measure of the deflections induced dZU
by the magnetic field. LTy = E / |

e X _may beregarded as the effective
path integral over which the
magnetic field has acted on an 30’11]0'2
electron of energy E, given its whole < >
particle history. m

e For highelectron energies, this is on
the order of aradiation length.
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