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l. Introduction
1. Motivation

= Muon tomography has been emerged as one of promising non-invasive monitoring and imaging
technigues for dense and large objects.

= Cosmic ray muons have benefits over traditional induced radiation probes for non-destructive
imaging due to their high-energy (109~12 eV vs 103~6 eV)
= For example,

— Spent nuclear fuel cask imaging

— Nuclear reactor (e.g., monitoring damaged reactor core in Fukushima nuclear site)
— Nuclear materials inspection in a cargo container

— Archeology (e.g., finding a hidden chamber in the Great Pyramid of Giza)

— Geotomc))graphy (e.g., investigating magma chamber underneath volcano to predict upcoming
eruption
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. INTRODUCTION

2. Problem Statement

102
= Benefits of measuring muon momentum in g
muon applications (monitoring and imaging) g 40 o 9
has been explored. ¢ Lok 4
= Therefore, often a mean cosmic ray muon N§ 4 -Il:-.,.
momentum value (3—4 GeV/c) represents the g 107 %n
entire spectrum. 2 <
L 5 : o
= Because none of existing muon spectrometers E 1‘ E:’Ijj: é:gaTs()1957) -
can be deployed in the field. % ¢ Allkofer et al. (1970) 45
% O Allkofer and Clausen (1970) P
5 ,o4L| < Bateman etal. (1971) <
107 10° 10

Muon Momentum [GeV/c]

Fig. 1.1 Vertical differential cosmic momentum spectrum at
: sea level with zenith angle 0°
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Grieder, P. K. F. (2001). Cosmic Rays at Earth. In Elsevier Science. Elsevier Science.
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. INTRODUCTION
2. Problem Statement
Three existing techniques to measure muon momentum

Magnets Time of Flight Cherenkov Ring Imager
H Cl kov Radiat
X, [ // | t 1erenkov Radiator S
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L

High resolution
Large and bulky magnets = Low resolution = High resolution

are required = Long distance is required = Liquid radiator is required
Impact the muon trajectory = Array of optical sensors are required
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. INTRODUCTION
3. Research Objective

1. Development of fieldable muon spectrometer
* Requirements in design
= Easily coupled with existing muon tomography system
= Compact, portable, and light-weight
= Compatible momentum measurement resolution
= High accuracy
= Preserve incoming and outgoing muon trajectories
2. Development of momentum-integrated imaging algorithm without increasing computational
costs
3. Improvement in imaging resolution and reducing monitoring times in various muon
applications
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1. Operational Principle

e Cherenkov Effect Glass | Gas1 | Gas2 | Gas3 | Gas4 | Gas5
Gevig| <01 ] <10 | <20 [ <3.0 [ <40 | <50
Bpun > 1 Criterion for Cherenkov radiation o~
-—--‘_—-'-'-—-_
.----"""—-.
-‘—--‘-‘-—--‘-“"-—-.
2 H--_H"“‘--
myc
pin¢ = ———  Cherenkov threshold momentum, 51
n?z—1 Py 2 Pu=31GeV/c
_‘g |
. 3
* Lorentz-Lorenz Equation o |
3] Discriminator level
.g .....................................
; Noise level
, 34,0 Refractive index (n) of gas as a | | | | Radiators
n = _I_ _ . Initial
RT functionof pand T Stomal |1 1 1 1 0 0
Post Signal Analysis
Final
Signal 0 0 0 0 0
c=m. c? R Z Threshold momentum, p,,, gas as a
PenC = My 13 A, p function of pand T Fig. 2.1 Operational principle of Cherenkov muon
14

spectrometer

J. Bae, S. Chatzidakis, Fieldable muon spectrometer using multi-layer pressurized gas Cherenkov radiators and its applications, Scientific Reports 12:2559 (2022)
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1. Operational Principle

Prototype Design

| lolass| | Gas 1| | cas2| | cas3 || Gas4 || Gass
(Si0,)| | (CO,) (CO,) (CO,) (CO,) (CO,)
ps | | 0.1 1.0 2.0 3.0 4.0 5.0
[icev/q|
PCO2 14.49 3.62 1.61 0.91 0.58
[bar]
1cm 10 cm
o - - -
1mm

sJaqI0Sqy uojoyd

T
¥

Fig. 2.2 Overview of Cherenkov muon spectrometer using

one S10, and five pressurized CO, radiators.

Fig. 2.3 Visualized Gean4 simulation when p,= 3.1 GeV/c

J. Bae, S. Chatzidakis, Fieldable muon spectrometer using multi-layer pressurized gas Cherenkov radiators and its applications, Scientific Reports 12:2559 (2022)
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2. Optical Photon Emission

. Cherenkov radiation

L_ight absorber d NC h /12 1 d/l
liners — 27'[“ j 1 —_ > > >
dx A4 n (/1):8 A

=

——— Cherenkov radiations
-------------- » Scintillation photons
— == =% Transition radiations

Radiator A

Wavelength
shifting fibers

Light absorber

dN_,/dx: Light intensity of Cherenkov radiation in a unit length
a: Fine structure constant

n: Refractive index

A1 2: Lower and upper limit of Cherenkov light wavelength

Detection
System
A

Fig. 2.4 Three optical photon emission 16

mechanisms
J. Bae, S. Chatzidakis, Fieldable muon spectrometer using multi-layer pressurized gas Cherenkov radiators and its applications, Scientific Reports 12:2559 (2022)
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2. Optical Photon Emission

——— Cherenkov radiations H
-------------- » Scintillation photons
— == =% Transition radiations

liners

Radiator A

Light absorber

Wavelength
shifting fibers

Light absorber

Detection
System

y

Y

Fig. 2.4 Three optical photon emission
mechanisms

2. Scintillation

dN _ . dE/dx
dx "1+ kg(dE/dx)

dN, /dx: Light intensity of scintillation in a unit length
dE /dx: Energy loss of muon in a unit length

kg: Birks’ constant

S: Scintillation efficiency

J. Bae, S. Chatzidakis, Fieldable muon spectrometer using multi-layer pressurized gas Cherenkov radiators and its applications, Scientific Reports 12:2559 (2022)
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2. Optical Photon Emission

U 3. Transition radiation

——— Cherenkov radiations
-------------- » Scintillation photons
— == =% Transition radiations

Light absorber

liners

2

N 1T
tr 12

Radiator A

a

= —[(lny —1)% +
Wavelength T
shifting fibers

per boundary

Light absorber

N,.: Light intensity of transition radiation.
a: Fine structure constant

y: Lorentz factor (= 1/,/1 — B2)

f (= v/c): Particle velocity in terms of ¢ (speed of light)

Detection
System
A

Fig. 2.4 Three optical photon emission

mechanisms
J. Bae, S. Chatzidakis, Fieldable muon spectrometer using multi-layer pressurized gas Cherenkov radiators and its applications, Scientific Reports 12:2559 (2022)
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2. Optical Photon Emission

——— Cherenkov radiations
-------------- » Scintillation photons
— == =% Transition radiations

Light absorber
liners

Radiator A

Wavelength
shifting fibers

Light absorber

Detection
System

A

Fig. 2.4 Three optical photon emission
mechanisms

4. Cherenkov radiation by secondary electrons, (1) u decay

(2) mu2e conversion

U —e vy,

+ +
Ut - ev v,

UNy; = eNg;

m 1

e
Pthe = m_upth,y"' ﬁpth,u

* m,: Rest mass of electron (~0.511 MeV/c)
* my: Rest mass of muon (~105.66 MeV/c)

*  Ptnyu: Cherenkov threshold momentum for muons
* D¢ne: Cherenkov threshold momentum for electrons

J. Bae, S. Chatzidakis, Fieldable muon spectrometer using multi-layer pressurized gas Cherenkov radiators and its applications, Scientific Reports 12:2559 (2022)
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2. Optical Photon Emission

1. Cherenkov radiation gy, , jlz . 1 d
400 - - - - — = 2T —
¢ Cherenkov (Nch) CO2 dx A4 n2 (/1),32 A2
350 4 Scintillation (Nsc) P =10 bar
§ Transition (Ntr) T =298 K
300
= i } | 2. Scintillation AN S dE /dx
N 250 o o =
2 dx 1+ kg(dE/dx)
>; 200 o I . D?f
8 2 ; &
'DCD_ 150 I i ! ? :
100 /,!'/ PR |
= g B8
50 ."_!”— S L_--%
-2
[}g———b————b———O————.—‘——*————_.————Q .
. 10 15 20 25 30
Length (cm)
Fig. 2.5 Expected light yield by three optical
photon emission mechanisms
20

J. Bae, S. Chatzidakis, A Development of Compact Muon Spectrometer Using Multiple Pressurized Gas Cherenkov Radiators, Results in Physics 39 (2022)
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3. Results

(R e M
, p,=1.1GeV/c ., py=3.1GeV/c
S S
© 10° IR e R
L i
O o
I I
O o
o a
o 101 O 101 _____________________________________________________________
G S
® @
o] 0
: :
Z 10° Z 10°

107 10

Glass Gas1 Gas2 Gas3 Gas4 Gas5 Glass Gas1 Gas2 Gas3 Gas4 Gas5
Radiators Radiators
Fig. 2.6 Expected number of photon by Cherenkov radiation in each radiator when p,, = 1.1 (left) and 3.1 GeV/c (right).

21

J. Bae, S. Chatzidakis, A Development of Compact Muon Spectrometer Using Multiple Pressurized Gas Cherenkov Radiators, Results in Physics 39 (2022)



II. MUON SPECTROMETER USING GAS CHERENKOV RADIATORS
3. Results

p,=3.1GeV/c

_____________________________________________________ 103

p,=1.1GeV/c

10°

Number of optical photons
Number of optical photons

L . T —— 100

-1 =1
10 Glass Gas1 Gas2 Gas3 Gas4 Gasb 10 Glass Gas1 Gas2 Gas3 Gas4 Gasb
Radiators Radiators
Fig. 2.7 Expected number of photon by Cherenkov radiation and scintillation in each radiator when p,, = 1.1 (left) and 3.1
GeV/c (right). 5

J. Bae, S. Chatzidakis, A Development of Compact Muon Spectrometer Using Multiple Pressurized Gas Cherenkov Radiators, Results in Physics 39 (2022)
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3. Results
T it ot :
| | | | Niotal Moty === Py
I I | | I I
g 10t | L ,
% | | | | | 5
I I I I I 1
= M. S S . * Total number of optical photons
© 102 I J_r.r'l'" [ 1 | 8‘ . . L
=] == a provides clear signal (rapid increase)
@) | 1 T | 3 O
= « [ . 4 of muon momentum.
g 10" | I | 5
E ! B 6 * The results demonstrate the feasibility
Z 1 ! I
10° : - I of our Cherenkov muon spectrometer.
I I
| | 1
0 1 2 3 4 5 6 7 8 9

Muon Energy [GeV]

Fig. 2.8 Total Number of photons (Cherenkov radiation + Scintillation)
as a function of Eu in each radiator 23

J. Bae, S. Chatzidakis, Fieldable muon spectrometer using multi-layer pressurized gas Cherenkov radiators and its applications, Scientific Reports 12:2559 (2022)



Il. MUON SPECTROMETER USING GAS CHERENKOV RADIATORS

3. Results
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Fig. 2.9 Classification as a function of muon momentum with
various discriminator levels

True Positive Classification

Positive Classification

Discriminator uniformly deducts
photon signals to eliminate noise.
By using a combination of various

levels of discriminators, the mean CR

1S ~87%
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J. Bae, S. Chatzidakis, Fieldable muon spectrometer using multi-layer pressurized gas Cherenkov radiators and its applications, Scientific Reports 12:2559 (2022)
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3. Results
4
225 210 : . : . . . . . 5000
'|' Cosmic ray
2r muon spectrum | | 4500 .
l Classified muon * Cosmic ray muon spectrum was
175 | momentum levels | | 4000
—— 13500 successfully reconstructed using 6
a 43000 = .
C 125} % 5 radiators.
8 12500 &
i ] .
5 } L o000 2  All muons with p, > 5 GeV/c are
= =
= 0.75 < .
\L_ \ 1500 recorded and accumulated in the 6t
05| M
N~ bin.
0.25 | \ 500
0 | SN Y S S : * This problem can be easily resolved
0 1 2 3 4 5 6 7 8 9 10
Muon momentum [GeV/c] by increasing the number of radiators.

Fig. 2.10 Reconstructed cosmic ray muon spectrum using six
radiators. 20

J. Bae, S. Chatzidakis, Fieldable muon spectrometer using multi-layer pressurized gas Cherenkov radiators and its applications, Scientific Reports 12:2559 (2022)
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3. Results
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PoCA

mPoCA

1. Voxelated the volume of interest.
2. Find a single scattering point using PoCA

algorithm.

= Ppoca = [Px:Perz]

3a. Compute a scattering

angle, 6.
4a. Record 0 with Pp,c4.
- nyz = [Px:Py»Pz' 0]

5a. Plot 6 at Pp 4.

3b. Compute M-value.

4b. Record M with Pp,c 4.

> Myy, = [P, Py, P, M|
Sb PlOt M at PPOCA'

Fig. 3.1 Simplified pseudocodes for PoCA and
mPoCA algorithms for muon scattering tomography

L, 1

Linearly extrapolated ,"
outgoing muon |
trajectory |

Fig. 3.2 Point of Closest Approach (PoCA) and voxelated volume

Actual outgoing muon trajectory

Actual incoming muon trajectory

Actual muon

trajectory due
to MCS :

]
i
il
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! incoming muon

/- trajectory

| /
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i /
L pan W)
7T P
1 1A ,
Lo B
E': // b f'rll
i,.'l Assigned
— T PoCA voxel
1/ '
r

of interest

J. Bae, S. Chatzidakis, “Momentum Integrated PoCA Algorithm for Muon Scattering Tomography”, Journal of Imaging (under review)
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PoCA

mPoCA
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2. Find a single scattering point using PoCA
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Fig. 3.1 Simplified pseudocodes for PoCA and
mPoCA algorithms for muon scattering tomography

u r»x
12 345 6 7 8 1234i678

1 ] 1
y ) - ) -
3 N 3 [
4 ] 4 [
@){ —_ JENEE NN
s RN |
7 7
R— 8 N 8 ]
(ZZ){ Muon Tracker 1 Muon Tracker 2

P; = [x,(4),y1(6),2,] P> =[x2(5),y2(5), 2]

1 2 345 6 7 8 1 2 3 45 6_7 8
1 1
A R :
— 3 sSCIT T T T
4 4
(z){ —_ ; —
Fii - 6 6 |
- - Z y 7 7 B
(z0) { O ;
x Muon Tracker 3 Muon Tracker 4

Py = [x3(6),¥3(2),23] Ps=[x4(7),4(3), 24]

Fig. 3.3 Reconstruction of incoming and outgoing muon

trajectories.
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60 cm

40 cm

PoCA mPoCA

(%))
3

Muon Tracker

1. Voxelize the volume of interest.
2. Find a single scattering point using PoCA

algorithm.
= Ppoca = [Px»Py»PZ]

Steel Beam
wo 09

11cm

vt
=
zzéioglpute ascattering | 5 Compute M-value. ;
T . 4b. Record M with Ppcy. 32
4a. Record 0 with Pp, 4. ceore M With Troca “s
>V... =[P. P. P. 6O ~ My, = [Py, Py, P, M]
yz = [P By, P 0] 5b. Plot M at P . % 0 005 o |.
5a. Plot @ at PPOCA' ) PoCA- ' - | e _D-g::alang[*anﬁ.m e
Expnrin‘--:.ll;t Simulation
Fig. 3.1 Simplified pseudocodes for PoCA and Fig. 3.4 Benchmarking experiment and simulation results by
mPoCA algorithms for muon scattering tomography K. N. Borozdin et al. 30

Borozdin, K., Hogan, G., Morris, C. et al. Radiographic imaging with cosmic-ray muons. Nature 422,277 (2003).
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PoCA

mPoCA

1. Voxelize the volume of interest.
2. Find a single scattering point using PoCA

algorithm.

= Ppoca = [Px»Py:PZ]

3a. Compute a scattering
angle, 6.

4a. Record 8 with Pp 4.
- nyz — [Px:Py;PZ: 0]
5a. Plot 6 at Pp 4.

3b. Compute M-value.

4b. Record M with Pp,c 4.

> Myy, = [P, Py, P, M|
Sb PlOt M at PPOCA'

Fig. 3.1 Simplified pseudocodes for PoCA and
mPoCA algorithms for muon scattering tomography

Muon Tracker

60 cm

40 cm

Steel Beam
wd 09
wd 09

11cm

0.02 |rad]

| | | | |
T T T T T

| | |
T T

4+
—+4

Fig. 3.4 Benchmarking experiment and simulation results by

K. N. Borozdin et al. 31

J. Bae, S. Chatzidakis, “Momentum Integrated PoCA Algorithm for Muon Scattering Tomography”, IEEE Transactions on Nuclear Science (under review)
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4b. Record M with Pp,c 4.
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Fig. 3.1 Simplified pseudocodes for PoCA and
mPoCA algorithms for muon scattering tomography
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Fig. 3.6 Muon scattering tomography using mPoCA

algorithm for aluminum, steel, lead, and uranium °°

J. Bae, S. Chatzidakis, “Momentum Integrated PoCA Algorithm for Muon Scattering Tomography”, IEEE Transactions on Nuclear Science (under review)
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1. Implementation of Cherenkov muon spectrometer in SNF monitoring

Upper muon 2
trackers \7/ VA4
4

Cherenkov Muon Momentum
~ U y
muon spectrometer measurement
Concrete lid \&:’7’-_ [ _—~
'“--q_'_l _// L
\hﬁ/ - Muon position
SNF bundles \‘I‘hxf-:f?:,‘“{ﬂ measurement
i HH‘ HH‘H PoCA Scatterin
Concrete — p(t))int c:ngle °
shielding \
Lower muon e
trackers L | DAQ and s_,lgnal
/\\_____,_/ processing
Muon event "\

Fig. 4.1 Overview of the momentum integrated muon tomography system using the Cherenkov muon
spectrometer for SNF dry cask imaging (right) and the visualized Geant4 model (left).

J. Bae, S. Chatzidakis, “Momentum Integrated Muon Tomography for Spent Nuclear Fuel Monitoring” (in preparation)
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2. Results

b) Two FAs missing

c) One FAmissing d) Half FA missing

Fig. 4.2 Overview of four scenarios in SNF cask monitoring
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V. SUMMARY AND CONCLUSION

Muon Spectrometer Using Gas Cherenkov Radiators
1. Aglass (SiO,) and five pressurized gas (CO,) radiators are used in the prototype.

* Requirements in design

= Easily coupled with existing muon tomography — Simply placed between target object and trackers
= Compact and portable - ~1m3

= Light-weight - < 10kg

= Compatible momentum measurement resolution — a,/p = 3.35%, 21.33% for N,y = 100 and 10.

= High accuracy Mean CR ~ 87%

= Preserve incoming and outgoing muon trajectories — Barely interferes initial muon trajectories

\

2. Although increased N,,4 improves g, /p|mean. it Will negatively impact the SNR due to the

decreased expected Cherenkov signals.
3. To measure energetic muon momentum (>100 GeV/c), very low gas pressure is required.
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V. SUMMARY AND CONCLUSION

Momentum Integrated PoCA Algorithm

1. Momentum integrated PoCA imaging algorithm and M-values.
= A new algorithm does not increase the computational cost.

= Materials can be classified using M-values which was challenging using muon
scattering angles.

= |maging resolution is significantly improved.
Momentum Integrated Muon Tomography

1. It enables us to locate two, one, and a half missing FA(s) in a SNF dry cask.

= Significantly improves the imaging resolution and reduced the required scanning time
to find the missing FA by a factor of 10 or more.
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Il. MUON SPECTROMETER USING GAS CHERENKOV RADIATORS
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Method to differentiate Cherenkov radiation signal from scintillation
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