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How to measure temporal density variations?

The muon flux decreases progressively, with an absorption correlated with the medium
opacity*

Cosmic muons are able to penetrate up to several hundreds of meters underground

Muographic measurements in transmission do not require a direct contact between the
target volume and the detector

Provides complementary information to other techniques
Cosmic muons are a natural, permanent, passive source

Muons average flux at sea level ~10.000 1/(m? - min- 27sr)

*Opacity is the density integrated over the path length

Animation adapted from Cosmus project from U. of Chicago.
Cosmic shower originated by a 1EeV proton over Genéve. Ignacio LAZARO ROCHE 5
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Which muon detection technology?

Ve

Nuclear | = Requirements for the targeted application:
emulsion films o
Visual @ 00O Retrieve the particle trajectory (zenith and azimuth angles)
technologies
Cherenkov Temporal information of the detected muons
telescopes
@00 ) ®  Angular resolution compatible with geophysical techniques
Hodoscopes \ ) Bi |
Muon detection Scintillator Ig angular acceptance
@00 .
< Compact and transportable for narrow operation
" Glass Resistive | . -
Plate Chamber There was no muon detection technology capable of fulfilling all
the requirements:
Gaseous @00 J 4 ¢ hnol
detectert W T Need for a new technology
multilayer conf.
000 O
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What should we measure?

Muon transmission

*Two kinds of approaches depending on the muon
interaction

"Based on the screening effect of matter on the
natural flux of cosmic muons

"Both interactions take place simultaneously

“Their contribution varies depending on the case,
transmission is more sensitive to absorption when

imaging big rock volumes

Scattered | : Non scattered :
trajectory | : trajectory :

Mvuon flux attenuation

due to energy loss Muon scattering

Ignacio LAZARO ROCHE 7
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How to quantify the flux attenuation?

Muon flux Surface at sea level Underground
10 Differential muon flux at sea leavel %1073
{25 Muon survival probability of muons according to
their energy for different depths of standard rock®.
10° —2 1: .......W e
0.9 L
_g 0.8; * Depth 250 m B .
K > - Depth 500 m
10 i 2 07 ® &
= e, S " E Depth 750 m 1
E 3 o 061 * Depth 1000 m
L% é g_ 0_5; Depth 2000 m Y
15 —_ = &
g g 0.4:— .
- S 030 ’ :
> = ™
D g2 .
0.5 = Y
0.1 ”
oq 1 o 1 '%‘#‘777,,‘,,,, ' ' a | ". J A 1 1 1 1 1 1 1
10 10? 10° E, (GeV) 10*

30 40 50 60 70 80
Zenital angle (deg)

Simulation made with MUSIC code and 10.000 muons per depth.
Figure of Angular and energy distribution of the differential muon flux at sea level *Standard rock (A=22, Z=11, p=2,659/cm3)

obtained with the Gaisser’s model with Tang parameters [Tang, 2006]. Figure from [Hivert, 2017]. Ignacio LAZARO ROCHE 8
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How to measure the trajectory of a muon?

Gas: CF, 10%, iCH\,, 2%, Ar 88%, T=300 K, p=1 atm
T T T T T T T T T T T T F T T T T T T ¢ T T T

=  Conversion of the incident radiation into primary e  and
ions.

= |onizations generated randomly, stochastic process
=  The primary electrons drift towards the amplification zone

= The longitudinal and transverse diffusion should me
minimized

Simulation of the passage of a muon inside a detector made with
Garfield++ code by R. Veenhof [Veenhof, 2010].

Ignacio LAZARO ROCHE 9
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MUST? CAMERA — Principle

MUon Survey Tomography based on
Micromegas detectors for Unreachable Sites Technology

IScin’rillc:n’ror #1

Drift cathode

P
- Gas blend

A\

5cm

Drift chamber

Micromesh

[ X J ©0,000000000000000O0

128 um

lonization

Resistive layer

X readout tracks

Y readout tracks

. ........ eccccsee

A ARN Amplification k

Scintillator #2

[oroele]

=Thin time projection chamber

“Bulk Micromegas with resistive
layer [Giomataris, 2006]

=Accessory scintillators

Ignacio LAZARO ROCHE 1 0
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Considerations towards TPC operation

" Gas choice

= Adequate projection of primary electrons

Gas blend
" Minimize neutralization of e~ by the micromesh

Eleciron drift = Enough signal amplification

= Reliable trigger

Micromesh

Amplification

Ignacio LAZARO ROCHE 11



O (seBA— @brgm

I‘ng Labqra%reSu ain & Bas B

INSTRUMENTS Low Noise Inter Disciplnary Underground Science & Technology

MUST2 camera

*Principle

Introduction Signal Experimental results

*Calibration tests
*Study case

*Formation
*Trajectory reconstruction

*Context
* Muons

Industrialization

Conclusions
Outlook

A

SIGNAL — Formation

How to optimize the signal?

Signal strength =\NT *(1-R) - (1-A) - T - GJ k
Y

Physical processes of the detector

N; = total ionization per path length (Gas choice)
R = Recombination after primary ionization (Edrift)

A = attachment to gas constituents during scattering (Gas contaminants)
T = Micromesh e" transparency (Micromesh geometry and Edrift/ Eqmp ratio )

G = detector gain (Eamp)

[oroele]

k = conversion factor between the charge generated and the signal read by the electronics (readout

design and electronics configuration)

Ignacio LAZARO ROCHE
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SIGNAL — Formation

How to choose the gas?

S Maximize primary [ TPC operation requires a gas with
7 signal conflicting properties.

= Specific gas blend combining

Minimize signal loss complementary features.

EITE. SEEEG ) Argon (88%), easily ionized and
low electron affinity

Low e~ affinity —

High i bili Fit the whole signal . . .
B Jelu yem el ey B \ithin the time window u CF4 (] O%) Increases ion mOb'I'ty

JiC4H,, (2%) quenching gas

TPC operation

| -
O
G
(72)
()]
—
| -
o
(0N
O
| -
o
(72)
(@)
O

Il Decrease fluorescence Decrease spatially
(Quenching) unrelated signals

Ignacio LAZARO ROCHE 1 3
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‘ SIGNAL — Formation @w

How to obtain a straight

45 45 45 0
_— m [ ] [ ] [
£” " £° 5 projection in a TPC?
éss = é 3 g 3 ]
g g” g " < " Simulations of the electron drift within the
2 3 . 3 25 . S 25 ;: . . .
5" g 8w = TPC reveal deviations from straight path
N s N 15 N 1 (o] .
. . ; < near the frame perimeter.
: : : = = Electric field cage reduces this unwanted
X :;istanéoe (mrr;; eﬂ: ect
4s 48 C oy o [l 3 - v =¥ 3 " e L
Ew Ew Ew _ -300 “,‘ A‘ 3 ! =, :.'_:“:;-;;Q‘
E” é;; éu _ ‘i : 8 : ‘ . : _ - : )
8 20 8 30 8 30 i _'.1'200 2 : 5 pes \ . .'v‘:i]
5 5" §® i) 2 |
:§ 20 2 5 2 2 I i1: S
: " : 15 : 15 ! ‘ - f
| o
10 10 10 A 'Z,w ;
X distance (mm) X distance (mm) X distance (mm) -
Figures show the most probable path of the electron inside the TPC drift chamber according to their position. \gnacio LEZARO ROCHE 14

Simulation are made for 10 electrons each with QuickField code.
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[ ] [ ] [ ]
o 2 B e300 e How is the signal formation near the
T T T T T T T T T T T T T T T T T
YPTY AN S SO S S OO U O 0 O O
oA 0 1 o e T e T o s e
) 0.44 H-deeeeferrnonnnd
"X 0.42 H-
<L 0.4 H-+
. 0.38 H-
0.36 H-
.34
0.32

Rq 9000 o = A small fraction of electrons is neutralized against

m]

|

amplification zone?

=  Primary electrons arrive near the micromesh

the micromesh [Nikolopoulos, 2011]

= The stronger electric field accelerates the electrons
and causes avalanches (Gain ~104)

= The displacement of charges induces signal into the

micromesh and the readout tracks

Zoom of omplificqﬁon Micromesh Simulation of the passage of a muon inside the MUST? camera made

Zzohe with Garfield++ code by R. Veenhof [Veenhof, 2010].

Ignacio LAZARO ROCHE 15
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SIGNAL — Formation kQ;mJ

Which readout suits better?

| | = The big active surface and angular resolution required
} ‘ results into a high granularity readout

‘ =  Pixel-based detectors lead to high number of channels
Bl (n? channels)

=  Strip based detectors require less electronics (2n
channels)

=  The price to pay:

=  Heterogeneity in terms of charge induced in the X
and Y planes

FR4 circuit board

Scheme of the unit cell of the Micromegas detector. Performed with COMSOL
multiphysics®. ]
Ignacio LAZARO ROCHE ] 6
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Gain (Thousands)

oo
SIGNAL — Formation @w

How to quantify the signal amplification?

Al Al = Average variation of the current consumption between spills and breaks (nA)
Ni*d = Number of electron-ion pairs induced by the muon
Ny -d-*/s - charge of e~ ! P Y

Gain =

W/s = Number of muons per second during the measurement (Muons per spill /spill length).

Signal amplitude of the MUST? camera as
a function of the resistive layer voltage.

Calculated gain as a function of the resistive voltage

j 2}
100 € o .
g 1400 m X strips
o L
. —_— . - . —_—
Gain = 0,0002¢0:0399-Vres 1 2 1200 * Y strips
B1000F -
1o /f 2 1000 :— ] ADCX:eO.O29'Vres /'/-
® L .
€ 800l— ° ADCY:eO.O32 Vres !/
% 'g C -//
= -
8 600}—
1 8 F

F a C
< —
£ 400
B L
£ =

X Muons ®=0, 6=0 —+Calculus Muons ©=20, 6=0 g 200—

o,] ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 0_11111111111111111llllllllllllllllllllllllllllll
375 385 395 405 415 425 435 445 455 465 425 430 435 440 445 450 455 460 465

Resistive HV [V]

Resistive layer voltage (V) ] ] 7
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SIGNAL — Formation

How to trigger the acquisition?

Scintillator

Readout

tracks

Scintillator

Increases price and volume

2. Self-trigger from the mesh

Sensible to instrumental noise
Hard to calibrate
Gain dependent

@080

, 1. Auxiliary scintillators in coincidence

3. Signal over threshold track trigger

Sensible to instrumental noise
Gain dependent

Ignacio LAZARO ROCHE
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SIGNAL — Formation @w

Trigger validation
Tracker scintillator

Tracker

hits_x_and_y ch3d

T e RN Entries 146294
- L Meanx 8523
e . - |RMSx  117.9
TR RMS y 33.49

scintillator

—

SPS Beam line ’,

(-

1000

400 800 \
o 200 X C\qdf\“e

Muon beam test at CERN thanks to RD51 collaboration

Histograms with the detected events per mm? for different positions

Ignacio LAZARO ROCHE 19
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SIGNAL — Trajectory reconstruction
How to retrieve temporal information?

Example of signal fit with a Fermi-Dirac
function for 1 isolated channel

oo : T = Reconstruction of a single channel signal
g 800 FDO) =K a8 / ] Signdl fit
g . ] Allows determining the signal rise time
P i (tep)With a few ns resolution
S = , 1 Determines the hit tracks in X and Y axes
1 L

Time slot (27 times 25ns)

Ignacio LAZARO ROCHE 2 0
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‘ SIGNAL — Trajectory reconstruction

Azimuth determination ° °
g g oI St ere How to retrieve the muon trajectory?
508 o‘
<
506 1 *g (gg(mgm = The arrival time of e is distance-dependent
o 504 = . . . =
g | X " The e drift speed is known and constant for a given E
£ 0 = The time difference provides information about the
< aos | | 2 & ° original height of the ionization point
| seo"e ®= The azimuth angle can be calculated by the orientation of
::Z | | | | | | | points along the readout plane
IO eekumbers 7 " m The zenith angle is related to the length of track and time
05 Apparent velocity r =T, ., 9 = Tep interval between points
™ o03r Edrif’r
= v
L v ¢
] 0 = arctg apparen
r vdTif t Readout plane

gnacio LAZARO ROCHE 21
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@080

SIGNAL — Trajectory reconstruction

How to instrument the camera?

Trigger signal .
'y = Requirements:
) Good enough temporal resolution
1 Highly scalable
Front-end electronics
- hC ] Modular
‘ ‘ ] Relatively inexpensive (big number of channels)
* = Challenges:
] Network configuration, distance between
iy ﬁ— elements
: Data acqutisition <
- SO ) Adapt existing or develop new software tools
= for data acquisition
] Live data management and analysis

Ignacio LAZARO ROCHE 22



INSTRUMENTS

Introduction

*Context
* Muons

& < ’\ @ Géosciences pour une Terre durable O P rinCi p Ie
LSBB A~~~ b

Laboratoire Souterrain a Bas Bruit rg m
Low Noise Inter Disciplinary Underground Sdence & Technology

MUST2 camera

Conclusions
Outlook

Industrialization

Signal Experimental results

*Calibration tests
*Study case

*Formation
*Trajectory reconstruction

A

EXPERIMENTAL RESULTS — Calibration tests : response characterization

Aerial view of the top of the mountain hosting

the LSBB, test site for open air measurements.

Number of events

1400

1200

1000

800

600

400

200

Number of muons:

1 Expected according to Tang, (2006) model (translucid)
1 Experimental measurement (opaque)

Wity

Linear color scale
(0- 1300 events per bin)

L
P

Ignacio LAZARO ROCHE
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EXPERIMENTAL RESULTS — Calibration tests : first qualitative measurements

Muons per azimuth deg OPEN SKY
Muons per azimuth deg EXP. MEASUREMENT

Ratio =

Ratio

05

Weak statistics zone

-150 -100 50 0 50 100 150
Azimuth (deg)

360° view around the camera with the same orientation as the upper graphic

Ignacio LAZARO ROCHE 24




MUST2 camera

*Principle

Introduction

Conclusions
Outlook

Industrialization

Signal Experimental results

*Calibration tests
*Study case

*Formation
*Trajectory reconstruction

*Context
* Muons

g LSBE\ @ b Fafmr une Terre durable

I R I s Laboratonre Souterraln a Bas Brult

NNNNNNNNNNN

A

_— . L Q0ES
EXPERIMENTAL RESULTS — Calibration tests : first qualitative measurements

360° view around the camera

5
i 45
/ Artefacts
4 created by the
— . reconstruction
B - O o ] _3-5 (]
Herizeon line ::: - algorithm
u 73
T I c
' S
5 . 125 S
az-EEsiE =
il 5
- |, < | Weak statiscs
: zone
. - 1.5
|
L,
- ) 0.5
=
1
0

Camera

location Ignacio LAZARO ROCHE 2.9
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EXPERIMENTAL RESULTS — Study case GO

= Monitored parameters:
I Temperature, humidity and atmospheric pressure inside the
valve house

e ILevel, temperature and conductivity of reservoir’s water
location %" & & NG / IPrecipitations (only known water source)

(valve

house)

Ignacio LAZARO ROCHE 2 6
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EXPERIMENTAL RESULTS — Study case

Topographic data

Altitude (m)

2 digital elevation models superimposed:
O Water p = 1.000 kg/m3

] Geology and dam* p = 2.400 k

420

415

410
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405
\

400
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Plan rettaché au Nivellement Général |

Source: Société du canal de Provence
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EXPERIMENTAL RESULTS — Study case

Zenithal angle (°)

Opacity = Density - Distance l
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Muon flux

Integration time = 3d17h

*

Number of particles per bin

N
o

AN

-
—
&)

Zenithal angle (°)
o

@)

o . , -60 40 -20 0 20 40 60
*Bin = Representation of the hemisphere

over the camera in a matrix of pixels of AZ|m uthal ang Ie (O) - 29
dimension 360x360 Ignacio LAZARO ROCHE
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EXPERIMENTAL RESULTS — Study case

Temperature influence on the muon flux measurement

Flux of recorded events
T T

5500
z ‘ ‘ Inverse of temperature and flux evolution
s 20 0.05 - ) ) I L ~-11000
15 >
(&)
c
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10 8‘ é
S 2 =
5 L E E
35 = ]
& 4700 I I I L L I I L L ! 0 s 3
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= Flux of reconstructed events 1) 8
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S 800 6 g 0.03 I I I I | I I I 800
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= 650 0 N S S S S S S S S S
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Time (min)
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= 2 well differentiated behaviors: * Influence of the inverse of temperature in the
D I I . . . . h . . I I . .
Small variations in events triggered by the scintillators signal reconstruction performance

) Sinusoidal shape for reconstructed events with MUST?
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Temporal evolution of muon flux and water level

0 3000 ) )
F(t)=4.55¢-4-1-6 8¢5 ® Strong sine-wave behaviour due to the
= effect of the temperature in both the
E Ll
o barometer used to determine the
= £
13 2 water level and the MUST? camera
[ =
> (_) . . .
8 T Weter lovel 2000 The linear regression of the whole
& —‘KAVateff'fve' fit L data shows that the emptying trend of
N uon 1iux x
3 . Ll
= 10 ~—Muon flux fit = the dam is related to a rise of the
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A
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CONSIDERATIONS TOWARDS INDUSTRIALIZATION

Micromegas "Max. external dimensions 144 x 79 x 12 cm

readout plane

"Weight ~28 kg

"Angular acceptance up to 80° when triggered
with external scintillators

“Angular resolution better than 1° for particles
with angles of incidence over 17°

"Patented in 2016 [Ldzaro, 2016]
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= Gas flow remote control and monitoring
= Filter gas impurities and contaminants
= Custom gas bottle according to context

>
Flowmeter | O‘ Ty | L/
] R . Pump Particle
\ Analog /J\ /R filter
\ | Flowmeter Check 77 ’_
\j valve V) '13:?11::?‘ Manometer
/7
Pressure ) Oxigen
reducer Particle Flowmeter ﬂltegr\E VYater
filter Wt’" filter
Gas Bubbler [ 5 —— —— — o
Bottle Check valve< Detector
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Technology readiness level Ph.D. complementary partnership
A A
- [
e e e _1Original promoter of the project
— TRz J A _IProvides a well-adapted environment for muography
*System prototype demonstration in a space environment
Ep— ) +1 ris " IRIS Instruments
*System/subsystem model or prototype demonstration in a relevant
environment (ground or space) _lExpertise in industrialization
— TRL5 | _IBuild bridges between the different muographic projects
*Component and/or breadboard validation in relevant environment v
i = BRGM
RL3 LSBB INational geological survey with vocation of developing new
4 techniques and methodologies for better understanding the
subsurface
TRL2 _IPotential user of the technology
TRL1

Figure by NASA. Ignacio LAZARO ROCHE 34
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Importance of a reliable trigger

Tracker scintillator Built in scintillators
hits_x_and_y ch3d hits x_and_y ch3d
Entries 146294 Entries 30376
Mean x 852.3 Mean x 522.6
" | Meany 325.3 Mean y 272.9
o_ 1800 .. |RMSx 1178 50 “-]RMSx  246.3
€ 1600 ~-|RMSy _ 3349 ] RMSy _ 60.09
g 9
v 30
O 7
0 507
[72) ]
e ]
o
O o~
1000 ) 1000
S/ 150 200 el 2
0 nann Q 150 200
Histograms with the detected events per mm? for different POSSibI)’ caused b)’ scintillator dqmoge

positions during transport or operation lgnacio LAZARO ROCKE 35
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Electronics alternatives

=Different tested electronics and configurations

12 independent acquisitions, SRS triggered by 2 scintillator
coincidence and DREAM self-triggered by signal over threshold

ITrigger signal from 2 scintillators in coincidence mode
propagated to SRS and DREAM simultaneously

_IDream self-trigger signal propagated to SRS
=All test concluded with successful data acquisition

=A thorough analysis was not possible due to:

1Operational parameters optimized for SRS and cloned for

Experimental setup overview for the electronics comparison. CEA

_INeeds data format adaptation
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CONCLUSIONS et

The technology MUST? is a useful tool for the direction-sensitive measurement of the muon flux
The test beam results allowed a good characterization of the performance of the camera
The outdoor measurements have validated the field transportability and reliability
But gain temperature dependence and only 2 cm water level variation
Possibility to do long term campaigns, need to improve the data management and analysis

The ftrack reconstruction algorithm has room for improvement in order to enhance the
robustness of the results
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OUTLOOK — SHORT TERM GOALS @oes

Further development is required :
Control the long term stability of the gain
Dynamic control of the camera gain as a function of the temperature
Remove Blind spots from the reconstruction algorithm
New approach for data analysis
Software capable of live data acquisition/analysis
Minimize the heterogeneity of the camera

Modification of the current design

Ignacio LAZARO ROCHE 38
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OUTLOOK — FUTURE OF THE PROJECT ©I0SIS)

Construction and deployment at the LSBB of a network of 20 autonomous cameras integrating
all the improvements (funded by FEDER LSBB2020)

Versatile setup configurations for experiments:
Monitoring: network of stand-alone cameras
Deep measurements: clustered cameras
Multilayer operation: stacked

Scatter measurements: tracker upstream/downstream object (different scales)
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Underground muon flux

Muon survival probabilities for a standard rock density (2.65 g/cm3)

10® Muon flux for particles with E higher than 0.1GeV Figure from Hivert (20153)

= * Model discrete values
—Fit function 1
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Muon flux integrated over energy at sea level as a function of the zenith angle.
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Estimating the integration time
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Simulation results for electron Simulation results for transverse

diffusion as a function of the drift

mean drift velocity as a function

of the drift eleciric field.

electric field.
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Anqular resolution of the MUSTZ camera as a function of the muon’s
trajectory projection over the readout plane.

Angular resolution as a function of particle's trajectory projection
I ISR WSSO S S s ‘ T ! FER A SR S ! ‘

| |—Resolution (dég) 10

[ |—Zenith angle(deg)
0.01[ :

-20

30

40

50

Resolution (deg)
Zenith angle (deg)

60

o
—
T
Minimum for reconstruction
X readpout plane limit

70

80

. : ‘ ‘ A S S S N i R S B
] 10 100 1000

Distance between hit tracks in one readout plane (ch)




/-SEB @ eeeeeeeeee pour une Terre durable
BB brgm

INSTRUMENTS wm.mw-yumms‘um&T

SPARE SLIDES

Electronics latency
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htemp
Entries 144973
-+ Mean 17.114
Std Dev 3.129
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The value of 17,11413,129 time slots corresponds to 427,851+78,22 ns, in good agreement with
the value stumated with the theoretical drift speed.
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Anqular resolution of the MUST? camera as a function of the muon’s trajectory projection over
the readout plane.

Azimuth uncertainty (°)
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Charge ratio between readout layers

Charge ratio between x and y clusters

. h1ChargeRatioPlot
IS C Entries 41228
3000? Mean  1.454
*x L RMS  0.7668
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Charge is computed as the total sum of all ADC counts during 675 ns.
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Current and voltage of the resistive layer during the test beam
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"The number of produced electrons depends on
the muon incident angle.

*Two independent gain scans with different angles
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Polar chart of the muon arrival distribution for the Tang model and experimental measurements.
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Isolated micromesh'
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Trigger from the mesh test

1%
Diagram3: Meas1 B
( er

Vies=560 V

[T ——

Signal apparition associated to the activation of the TPC

Signal amplitude modification as a function
of the gain
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Influence of temperature in the reconstructed muon flux
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Environmental parameters during acquisition

Temperature and humidity evolution
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