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C2A CosMIC RAYS - HISTORY

—> Mystery for a very long time

—> 2 decisive sets of experiments in 1912

—> Sitill many years to understand its composition
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DE LA RECHERCHE & LINDUSTRIE

CZ2A Coswmic RAYS - COMPOSITION

 Solar flares (lowest energy) » Supernovae + AGN
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CLZ2A CosMmiC RAYS - SHOWERS

* « cosmic showers » * Pions, kaons, electrons, muons, ...
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Cea

COSMIC RAYS - SHOWERS

« cosmic showers »
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—> Muon is an unstable particle T = 2,2us
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—> Muon is an unstable particle T = 2,2us

—> Muons combine 3 advantages compared to other particles produced in cosmic showers

—> Mean muon flux
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DE LA RECHERCHE A L'INDUSTRIE

C2A MUONS RATE VARIATIONS

—> Several factors influence the muon rate
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DE LA RECHERCHE & LINDUSTRIE

CZA MUON INTERACTIONS WITH MATTER

* Energy loss
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C2A MUOGRAPHY

—> These effects can be used to probe/image matter

—> Many applications: volcanology, archeology, civil engineering, nuclear reactor monitoring
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CZA MUOGRAPHY

e Transition between the 2 methods around 0.5-2 m
* Absorption can be competitive in this region
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C2A MuUON METROLOGY

—> Muons travel in average along straight lines

remote detector

‘ remote detector
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C2A MUON IMAGING TECHNOLOGIES

—> Muons are charged particles, means easy to detect...

—> ... but muography usually imposes specific, contradictory requirements

e.g. large structures,
underground

— historically 3 different technologies:

Scintillators
Emulsions
Gaseous detectors
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C2A MUON IMAGING TECHNOLOGIES: SCINTILLATORS 70%

—>

—>

—>

—>

—>

perhaps the most robust detector in particle physics

Spatial resolution

Direct imaging

Sensitivity to environmental conditions

Electric consumption

Most common use in muography
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C2A MUON IMAGING TECHNOLOGIES: EMULSIONS

—>

—>

—>

—>

—>

perhaps the most precise detector in particle physics
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—>

—>

—>

—>

perhaps the most versatile detector in particle physics

Spatial resolution

Direct imaging

Sensitivity to environmental conditions

Consumption

Most common use in muography
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CZ2A SELECTED APPLICATIONS: VOLCANOLOGY

—> drove the muography renaissance at the end of the 1990s

Detector

—> main goal: better understand the inner structure of volcanoes, and study their dynamics
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—> many difficulties were identified during the early years

- Requires at least 3 planes of detection

0.06
0.05
- 10.04
- 10.03

P 0.02

Excellent timing required...
... Or precise simulation

0.01

Can be lowered with e.g. Lead layer... i
... or estimated by simulation (very recent!)
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CZA SELECTED APPLICATIONS: VOLCANOLOGY

» Density variations measured, correlated with external activity (fumerolle)

Gouf fre Tarissan, Napoléon Nord JOU rde et al .
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CZ2A SELECTED APPLICATIONS: ARCHEOLOGY

—> Pyramids

—> Tumuli and necropols

—> Cavern findings

—> Preservation
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C2A SELECTED APPLICATIONS: HOMELAND SECURITY

—> Detect contraband nuclear material (nuclear activity or « dirty » bombs)

—> Spatial resolution & large area are curcial

—> Many projects in the world
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CZ2A SELECTED APPLICATIONS: NUCLEAR REACTOR

—> Interest either after catastrophic event or prior to reactor dismantling

—> Tests started with TEPCO company after Fukushima accident
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CZ2A SELECTED APPLICATIONS: NUCLEAR REACTOR

—> Interest either after catastrophic event or prior to reactor dismantling

—> Tests started with TEPCO company after Fukushima accident

Real data

—> Suggests that nuclear fuel has leaked
—> Deviation measurements should start soon EJC Seminar| 24/09/2017 | 24



CL2A SELECTED APPLICATIONS: NUCLEAR WASTE 70%

—> Characterization of (old) storage containers with spent fuel

—> Typical configuration for deviation muography

—> Sitill prospective, essentially simulations so far

—> Can use medical imaging algorithms with surrounding detectors
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CZa PeRSPECTIVES (1/2)

—> Many more fields of applications... known and unknown

Z-Axis

o
o
2
2
8
£
o
2
2

EJC Seminar| 24/09/2017 | 26



DE LA RECHERCHE A L'INDUSTRIE

PERSPECTIVES (2/2)
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HIP.INSTITUTE ARAB
AGE REP

International collaboration SRR
—> coordinated by HIP Institute (M. Tayoubi) and Cairo Engineering Faculty (H. Helal)

—> Under the authority of Ministry of Egyptian Antiquities

Goal: scan 4 big pyramids of the V" dynasty

—> Bent pyramid
— Red pyramid
—> Khufu pyramid

—> Khafre pyramid
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RECHERCHE A LINDUSTRIE

C2A  THE SCANPYRAMIDS PROJECT

HIPLINSTITUTE ARAB FACULTY OF

Several innovating technologies:

—> thermography (weakly penetrating): Laval University
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—> Muography (deeply penetrating): Nagoya University, KEK, CEA

= Extreme conditions!

—> Drones (surface reconstitution): Cairo University

—> Photogrammetry & 3D models: Emissive

—> + real time simulation
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IRFU TECHNOLOGY (1/2)

— relies on Micromegas detector (1996)
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DE LA RECHERCHE A L'INDUSTRIE

C2A  IRFU TECHNOLOGY (2/2)
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ok BICATR D A ARENTRE

CZA  ToOWARD MINIATURIZATION, SAFETY & AUTONOMY ﬁ

—> Front end electronics: 1 card (FEU) for 4 detectors

—> High voltage power supply

—> General power supply

—> 3G connexion
—> non flamable gas
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ok BICATR D A ARENTRE

TEST OF THE FIRST TELESCOPE PROTOTYPE

—> Test @ Saclay on water tower in 2015

»
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i B DECED & CIBENTH

C2A  TEST OF THE FIRST TELESCOPE PROTOTYPE

—> Static imaging —> Dynamic imaging

Acquisition time: 4 weeks (position 1) o
Qe 5 6 75 70 o
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% = A T \ I/ "\ i \_
£ = | i b
£ o= \
o 5 76 75 70 o
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15
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il BECADECEE & IARENTEE

C2A FroMm WATER TOWER TO KHUFU

Telescopes: 1 — 3

Chassis — fly-case

Detectors: prototype (Cern) — serial (Industrial)

Construction time: 9 months — 3 months
Weight: ~ 200 kg — ~ 130 kg

Data: raw — processed
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ok BICATR D A ARENTRE

PREPARATION @ SACLAY

—> Design, construction, integration, tests
Alhazen (n°1) Alvarez (n°2) Brahic (n°3)

1/(distance in pyramid) term solid angle term

—> Simulation

-150 100 -50 0 50 100 150 -150 -100 -50 0 50 100 150

X [m] X [m] '
“ Brahic + Alvarez
8 Ahazen

cos? term overall sensitivity

Challenge: prove the performance
. of telescopes by detecting a 3m

. cavity in 20 m of limestone... at a
distance of 150 m!
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EJC Seminar| 24/09/2017 | 37



e HEATE R A VAR TR

TELESCOPE TRANSPORTATION

Khufu pyramid, May 19th 2016 Cairo University, May 30th 2016 EJC Seminar| 24/09/2017 | 38




e HEATE R A VAR TR

CZAQ  INSTALLATION @ GizA
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ok BICATR D A ARENTRE

C2A  MEASUREMENTS

—> Each telescope ran for 2-3 months (depending on gas autonomy)

45

w T . ~23°C; T, ~40°C

max
35
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25

[=]
[T HH‘HH‘HH

20

jours

—> Stable acquisition, thanks to local team (3G, gas, maintenance)
—> Excellent spatial resolution => < 1 m accuracy at 150 m

— Integrated statistics:

~70% are « good » muons

—> |Issues with Alvarez telescope (degraded data because of a faulty detector)
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i B DECED & CIBENTH

C2A  IMAGE RECONSTRUCTION

—> Muography obtained from angular parameters of each muon
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ANALYSIS

—> Option 1: try to look at local variation of opacities through gradient images

—> can reconstruct the pyramid profile, but not very sensitive technique
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ok BICATR D A ARENTRE

C2A  ANALYSIS

—> Option 2: look for muon excesses within slices parallel to the edge
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i B DECED & CIBENTH

Cea

ANALYSIS

—> First, superficial slices show various notches along the edge
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i B DECED & CIBENTH

Cea

ANALYSIS

—> First, superficial slices show various notches along the edge
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i B DECED & CIBENTH

Cea

ANALYSIS

—> First, superficial slices show various notches along the edge

Muon number
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i B DECED & CIBENTH

C2A  ANALYSIS

—> First, superficial slices show various notches along the edge
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1st validation: N1 not visible from
the ground (and not known from
the team...)

—> Brahic & Alvarez see the same, 3 notch structure

EJC Seminar| 24/09/2017 | 47



ok BICATR D A ARENTRE

CZA  RESULTS (RELEASED ON OCT. 15T, 2016)

50¢ 1600
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o | purpose of these cavities?
e —600
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Probably linked to the construction of the pyramid
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—> Discovery of another cavity by Nagoya
University behind the North face chevrons
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CZA  2"P missioN (JAN-AVR 2017)
HiP w

* Alhazen

: ?:;7.? millions of triggers 87 millions of triggers

Amplitude variation in missibn 1

20 50
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A TR

2NP MISSION (JAN-AVR 2017)

—> automatic amplitude feedback integrated in the SlowControl Zam a,“

PRESERVATION MINISTRY OF UNIVERSITY
ANTIQUITIES
commands | u @ update HY | r : reset HY | it,p,al : toggle IT,P,ampli feedback | f : toggle FEU power
last update : 2017-05-11 15:12:26
Temperature feedback disabled | Pressure feedback disabled | Amplitude feedback enabled
HE T : +34.469°C | Time until next feedback : 37s
board monitoring :
T @ +32.133°C | 3.3V @ +3.308W | 5W @ 44,789 | 12V @ +11.878Y
environmental sensors :
METEOMK1-7B3F9 (id : 0) :
[ T : +34.660°C | P : 1009.480hFa | H : 10.300g/m3
METEOMK1-7BB&A (id : 1) :
T : +34.800°C | P : 1008.640hFa | H : 10.230g/m3
. Drift :
W 1 -491,353Y (set @ -497.710V ; max : -B00.000V)
I @ 0.623pA (max : 3.487uA)
ovG @ 0 | sensor ¢ 0
ampl @ 0.000ADC (&t : 1970-01-01 01:00:00 ; target : 0.000)

Rstripl :
O W T +483.300% (set : +495.140V ; max : +600_000Y)
I : 2.055uA (max : 3.985uA)

ove @ 0 | sensor @ 0
ampl : 1151.580ADC (at : 2017-05-11 15:10:12 ; target : 1000.000}

° Rstrip2 :
Yoo +487.246Y (set @ +493.083Y 5 max : +600.000V)
I = 1.308wA (max : 3.985uA)

ove : 0 | sensor : 0
ampl : 952.986RDC (at : 2017-05-11 15:10:12 ; target : 1000.000)

Rstripd :
W Do+491.867Y (set @ +497.196Y ; max @ +600.000V)
I @ S.106pA (max : 14.976uA)

ove oz 0 | sensor 1
ampl @ 977.175ADC (at : 2017-05-11 15:10:12 ; target : 1000.000)
Rstripd :
W T +4956.488Y (set : 4502.852V ; max @ +600_000Y)
I : 0.560wA (max : 3.985uA)
ove : 0 | sensor @1
ampl : 1160.120ADC (at : 2017-05-11 15:10:12 ; target : 1000.000}

FEU current state :
pouer Toon over temperature @ false (0/10)

—> relatively smooth data taking, but Spring not better than Summer...
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e HEATE R A VAR TR

CZ2A  PERSPECTIVES

—> Investigate 2 major upgrades for potential future missions e et
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il BECADECEE & IARENTEE

C2A  WORKSHOPS

— TomoMu setup

—> Will see how to operate it

—> You are encouraged to propose experiments!
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