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.I 1.1 Research background Hm g |

Muography is a new green nuclear technology that has been rapidly developed in recent years. It is widely used
in materials identification, spent fuel container safety monitoring, ironmaking blast furnace imaging, internal
structure monitoring of volcanoes, mineral exploration, archaeology, glacier surveying, nuclear reactor structure

monitoring and so on.
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1.2 Cosmic ray muon Hm K | gz

""""

s st s Cosmic ray muon production:

30km > ,ui + VM(VM)

Kt > pt +v,(,)

SCALAR BOSONS
| —
9
3

1 Production: 2
OSecondary particles Sea level energy and
produced by the cascade fluxes :
reaction of high-energy OThe average energy is
primary cosmic rays 4 GeV, 1 muon per
(mainly protons) with square centimeter per
the atmosphere minute.

Flux influences :

OFluxes are correlated
Ocos"®, n=2 Changes with  solar activity
cycles, temperature,
barometric pressure,
latitude altitude, latitude, and

[1] https://nl.wikipedia.org/wiki/Muon, other factors A
|2] Griffiths D. Introduction to elementary particles [M]. John Wiley & Sons, 2020.

Okm Solid angle distribution:

with energy, elevation,




.I 1.3 Principle of Muography Hm A g | oy

Based on the angular scattering principle Based on the transmission principle
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2003, Angular scattering principle imaging first proposed(Borozdin, 2003)
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2019, Imaging of INFN drift chamber detectors(Checchia, 2019)
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Commonwealth Engineer, July 1, 1955 455

Cosmic Rays
Measure
Overburden
of Tunnel

® Fig. 1—Geiger counter “telescope”
in operaton in the Guthega-
Munyang tunnel. From left are
Dr. George and his assistants, Mr.
Lehane and Mr. O'Neill.

Geiger counter telescope used for mass determination at
Guthega project of Snowy Sch ... Equip t described

By Dr. E. P. George
University of Sydney, N.S.W

1955, First application of muon detection(George)
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1995, First application of muon volcano detection(Nagamine)

1 970, First archaeological exploration Alvarez)
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1979, First proof of principle of muon
prospecting(Malmqvist)



02 / Muography System




I 2.1 CORMIS(Cosmic Ray Muon Imaging System) Hm A g | o
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CORMIS (COsmic Ray Muon Imaging System) component:

€ 4 layer detectors
€ Acquisition system

€ Remote monitoring and control platform

System Stability Damp proof ~ Anti-vibration

- Temperature control - Angle adjustment
- ' -
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2D position calculation Detector efficiency
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Forward Forward Model - 175 data, 30.0 Inclination, 45.0 Declination i

Geophysical — !

Pny » Predictive data :

model ]
___________________________________________________________________________________________________________________________________________________ i
i Inversion e B st i
i Measurement | Geophysical i
; data model ;
e |
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' _ ________________________________________'; Input
: Relatlon among Varlables : Survey » Raw Data with Uncertainty
: L R 0 [ R—— Directional ratio of muon
eff e——) [ . (], aeamemm—————) ,L) ! S ﬁwcn' counts of target data
: dE mll’l( eff) f;o  DE0)dE ( ) : Wﬂ e tfromlopsn Ly over Dpenl-sky data - —
_—— = — n Per: ics Mode
| g = @(E) +b(E)E R 1 B0 | &) - A— =i
1 I Target survey: Data with Uncertainty Physics l‘l‘lofileléo c;:mv;art
I directional muon muon surviving rates to
: : counts passing target Directional effective length eieitys bangihe
Inversion
Topographical map ! Objective function for iteration ;
. Discretization of the earth i S I,f;} —— j
Measured survival rate : v | saMeit || Resercston |
Creation of sensitivity matrixl e 1
REXP(9, ) = Nout (0, 9) /ATyt | 3
Nin (0' (p)/ATln Inverse Problem -« Optimization
Effective length: v
"Best" Inversion result
Les,0) = | oGy, 2l ¢
(6.90)
- . Evaluation using assessment toolkit
Minimum energy required for muon to penetrate volume:

Emin = aLegs + b Data analysis and 3D inversion workflow of the muography approach
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discretization

p(x,y,z) ?

Detectorl Detector2 Detector3

Detectorl

Detector2

Detector3

Legr = jpdl

Ler = p1li +
p2ly - +prly

l11 lik lim P1
lix iy P_j
Iyt Ink Inm Pm
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B 90 = ¢uisic®) + Bom(0) + v (0)

@ “fits the data”
N Obs _ jbre _
Gmisfit (P) - JZ (— ) S regularized factor
N i=1 OL; -
y: penalty coefficient
¢misfit ~ 1

@ “conforms the geology”
qu e aS[(p —_ po) —l— (axWX + ayWy —|_ C‘szz)pg

where p, is a reference model; I is an identity matrix; as, ay, ay, @, are Fe TS EEEEEEEEs 1
coefficients that affect the relative importance of different components and

W, , W, , W, are operators that calculate the continuity of density in the x-, y Minimize ¢(P)
- and z-directions.

|
|
¢m ~ 0 : Choose S so that ¢ pist ~1
|
|
|

8 Constraint condition: p,,, < p < pyp

Penalty function:
i [max(O, pj - pup,j) + maX(O’ p]ow,j - pj)]2

Pup,j — Plow,j

d)p:

j=1
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Initial estimate

End of first growth iteration

End of planting algorithm
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.I 3.1 Cultural relics protection-Xi’an defensive walls Hm A g | Sz

Xi’an
The capital of Shanxi Province, is located in northwest China.

Xi'an, identified by UNESCO as a ""World Historic City" in 1981, is one of the
important birthplaces of Chinese civilization and the Chinese nation, the starting
point of the overland Silk Road, and the ancient capital of the Thirteen Dynasties.

Problems faced by conservation

monitoring of large cultural

properties:

O Cultural relics can't move,
can't destroy

O Damage too deep to detect

O Poor precision of detection
results
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|3.2 Rampart No.53 Hm g | ey

Target region: Rampart No.58

Azimuth Zenith Duration Count
angle(®) | angle(®) (CEVO)) rate(/h)

Location

1 163.10 69.70 7.8 664708 4455
2 178.20 69.57 9.7 1168963 5769
3 270.66 60.55 13.9 1772770 8608
4 268.74 58.94 9.0 2040626 9287
5 .10 69.96 8.2 1171220 6738
6 27.60 59.47 8.8 1761860 8698
Layout of measurement location used in the on-site survey: (1-6) detector A 2500 60.00 30 1175291 15366
locations, (A and B) open-sky locations
B 90.00 70.00 2.8 911615 10752
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Comparison of
measured and
predicted survival
rate at six
measurement points

>

Comparison of
measured and
predicted effective
lengths at six
measurement points
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Rmeas (ergy) _Rpl‘e (Bx'ey)

Significance: Sig(6,,6,) = B Sig: Characterizing the degree of significance of the
difference between the measured and predicted
values, the larger the absolute value of Sig indicates
that the more significant the difference between the
measured and forward predicted results in this
direction, the higher the confidence level of the

existence of density anomalies.
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.I 4.1 Mineral Exploration-Zaozigou gold mine Hm A g | oy

- Hezuo
The capital of Gannan Tibetan Autonomous Prefecture in Gansu Province is
= located in the southwestern part of Gansu Province. The climate belongs to the
alpine and humid type, with an average altitude of 3000 m.

[~ N el . . .

- — p— —— Problems faced in the mineral exploration:
: = | - 0O Electrical and magnetic methods are limited in scale and
< "““ S f—"” susceptible to interference.

O Gravity and seismic methods have a large detection range
but limited precision.
O High cost of commonly used drilling methods.

22
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The geological map of the Zaozigou deposit On-site open-sky experiment
X & &
W
‘ F35 & L
& <35
0/ 4 S
PR
F
" % 4 <
\ \
5 F0
Fi7 / ‘ > o O -
FI8 "’a k20 -
21 ~F31
/ 0 100m
el

Quaternary Siliceous slate. silty Silty slate, argillaceou
sediment I':I slate and5 l?musl::u [:] slate and siliceous elali

Medium acidi Gold Fracture 3 Fault and
- veins and l:rdr;.hes - orebodies V‘ zone inferred fault

O Magmatic intrusion and faulting cause diverse
attitudes of rocks, making geophysical identification
and investigation difficult.

O Their average densities are 2.60, 2.64 and 2.63 g/cm3,
respectively, when their gold grades are lower than
1.5. For higher grade areas, their average densities are
greater than 2.7 g/cm3, less than 0.1 g/cm? higher than
surroundings.
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Experimental position in the tunnel
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Experimental information

Effective measurement

Detector Measurement location Total counts duration(day) Count rate(per day)

Free sky 4345193 1.68 2587529.64
CORMIS-1

In tunnel 331521 119.63 277.13

Free sky 6386753 2.55 2507761.93
CORMIS-2

In tunnel 489450 149.66 3270.42

Free sky 5074 734 2.01 2529243.56
CORMIS-3

In tunnel 639 393 144,18 4434.62

Free sky 4297 730 1.63 2629809.71
CORMIS-4

In tunnel 947 499 153.78 6161.23

Free sky 6895 140 2.76 2495309.19
CORMIS-5

In tunnel 291 823 123.78 2357.62

Free sky 4110971 1.63 2527631.93
CORMIS-6

In tunnel 462 379 167.38 2762.44
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Comparison of measured and predicted survival rate at six Comparison of measured and predicted effective length at six
measurement points measurement points
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B: Rays that Sig > 2

|4.5 Inversion

Rieas (ex' 93’) B Rpre(ex' 93,) A: R that
: Rays that Sig < -3

Sigl(0,,0,) =
lg( i y) O_meas(ex: ey)
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£
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-2 1 0 1 2
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Select initial “seeds” (white grid) in the overlapping areas
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Density(compare

d to the bulk Size(m3) Classification
density)
Above tunnel Higher 34333 Gold ore body
E B1 Slightly lower 6516 Scarps
> Mined-out area
e B2 Slightly lower 42920 (uncompacted
= backfill)
Reconstructed anomalies in region B1-B6 with the seed algorithm. B3 Much lower 8000 Mined-out area
Green surfaces: mined ore body model. Blue surface: the ore body B4 Much lower 23648 Stope
; ; ini : . Limonitic
models with uncertain mining status. The surface in B5: the model a5 Slightly lower 267 i lioootn slute

of the limonitic siliceous slate.

® Discovered four mined-out areas; half of them are confirmed by B6.1
the documentation.

® Reconstructed the limonitic siliceous slate whose density are
slightly different from the bulk density.

structure
Much lower 4860 Mined-out area
B6.2 Much lower 9334 Mined-out area

28
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Achievement

v" Successful implemented domestic’s first application of Muography in cultural relics conservation

v" Successfully implemented Asia's first application of Muography in mineral exploration

Importance

The successful implementation of the experiment demonstrates that Muography has great advantages in the field of
cultural relics conservation and mineral deposit exploration.

O A complete data analysis process

O Application to low-density-contrast ore body exploration

O Analysis of altitudinal impacts on muography, and giving a simplified method to eliminate impact
O Development of precise and efficient reconstruction algorithms: “seed” algorithm

30
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Application scenarios of Muography

« Large size: improved imaging efficiency
« Low cost, high reliability

2. Software platforms and algorithms

Lowering the threshold of use for non-
professionals by integrating simulation, data
analysis, forward and backward modelling into
a single platform; optimizing algorithms to

obtain reliable imaging in valid event situations.

3. On-site implementation

There is a lack of processes to produce and
optimize the implementation of scenarios in the
field and to assess the feasibility of the
scenarios. There are many more existing
scenarios to be developed.

LANZHOU
I 52 ProspeCt ﬂmJ/\ﬁ UNIVERSITY
1. Detector
Cosmic Ray Muon * Miniaturization: for scenes where space is
at a premium
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