HAWL & HAWLU

Hankuk Atmospheric muon Wide Landscaping

From Tunnel Overburden Reconstruction
to Tidal Measurements
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A fast scan over hundred kilometers

within a few hours
has been achieved for the first time.

Driving
~55km/h
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‘1. Real-time Portable Muography

Mapping 3m tunnel while moving(~55km/h)!!

HAWL measured detail mountain shape
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Number of tunnel measurements

2. Detector ability

Length Accuracy
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Length accuracy =

(Measured - True )
True

x 100 (%)

<m>=-1.7 (%)

RMS=6.0 (%)

Overburden
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Minimum Muon Rate (counts/s)
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* Assuming constant speed(55km/h and 51km/h)

Outliers: mostly short tunnels
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2 3
10 Maximum Overburde%o(m.w.e.)

* Assuming rock contents(p = 2.7 g/cm?)

Outliers: Animal tunnels

Tunnel length accuracy of 6.0%

, with a detectable overburden range spanning from 8 to 400 (m.w.e.)
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ARTICLE INFO ABSTRACT
Keywords: Cosmic ray muons prove valuable across various fields, from particle physics experiments to non-invasive
Muon tomography tomography, thanks to their high flux and exceptional penetrating capability. Utilizing a scintillator detector,

Plastic scintillator

one can effectively study the topography of mountains situated above tunnels and underground spaces. The
Portable radiation detector

Hankuk Atmospheric-muon Wide Landscaping (HAWL) project successfully charts the mountainous region
of eastern Korea by measuring cosmic ray muons with a detector in motion. The real-time muon flux
measurement shows a tunnel length accuracy of 6.0%, with a detectable overburden range spanning from
8 to 400 meter-water-equivalent depth. This is the first real-time portable muon tomography.
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West sea of Korea is perfect place
to measure tides!
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Time

. Tidal difference(7.56m)

« Two tides per day, 2"d order oscillation 24.8 ->12.4hr
« Disaster Monitoring(Tsunami, Typhoon, Sinkhole)



Measure the tide

West sea of Korea is perfect place
to measure tides!
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3. Measure the tides 3. Two panel coincidence

. ; i i : : - Gamma Noise and Muon Separation well
1. Light yield increasing : Direct attaching 5 oo urden range wil impror\)/e.

2. Convolutional Neural Network (CNN) = Trajectory reconstruction

Muon Coincidence

" ' Two plastic scintillators

HAWLU Blueprint
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3. Measure the tide

Tidal level value

(from Korea Hydrographic and Oceanographic Agency)
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Muon counts / 3 hours
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Fitting well with Wave level

Residual RMS = 50.67

400 500 600 700
Time (hours)
) PO(Offset) 2514.64 + 1.82
Chi2/ndf = 7681/755 = 1.02, P-value = 0.36 STPR— 23212 095

P2(Time shift) -413.67 + 157.01




4. Detector sensitivity

The detector achieves a sensitivity of
>4c0 per meter for a 24-hour

Muon model = PO — P1 x water level variation(t — AT)

. g _r1 _
Significance = \/E/m 0.86 o/m/vhour

Significance increases with measurement time: ¢ « \T

24-hour sensitivity =0.86x24 = 4.2 ¢/m

The detector achieved a tidal timing resolution
of #2.63 minutes (For all six locations)
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The reconstructed water-level uncertainty

at the meter scale over the full range
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Tidal Level [cm]

‘4. Detector sensitivity
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Increased seawater overburden producing
additional attenuation of cosmic-ray muons

Power

» A strong anti-correlation (r =—0.85)
» attenuation response: -0.456 +0.01 counts h™'cm™

» A strong peak at 12.4 hours in the FFT result.
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12.4 h tidal period
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HAWLU Muon Modulation is dominated by seawater overburden variations
rather than by atmospheric Temperature and Pressure
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Portable

Muography

s undersea Tunnel

Blueprint of
Undersea tunnel

=>» Meter water
equivalent

Elevation [m]

Meter Water Equivalent [m]

o

Ground EL
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A |

Measurement
place
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50

Total Overburden Model
Rock only (p=2.4 g/cm?)

Water only

.."

2000 4000 6000
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6. Real-time
Portable
Muography

s undersea Tunnel

CRY 1D simulation

Combine 10 times
measurement Data

Good agreement
between data
and simulation!

Coincident Rate [counts/sec] Meter Water Equivalent [m]
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200 -
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Total Overburden Model
Rock only (p=2.4 g/cm?)
Water only
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Summary

HAWL.: First real-time portable muography & quick covering wide area

Length accuracy <m> =-1.7, rms = 6.0% & Overburden 3~150m

24-hour sensitivity = 4.2 o/m

The detector achieved a tidal timing resolution of #2.63 minutes

HAWLU Muon modulation by seawater overburden variations >> Temperature and Pressure
The coincidence data from 10 tunnel measurements were consistent with the simulation

Disaster Monitoring(Tsunami, Typhoon, Sinkhole)
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1. Real-time Portable

Muograpily |

1. Robust, cost-effective

3. Compact design

« 0.3m?sized detector

Low power consumption(68W)

4 Fiber per 1 SiPM, Total 56 Fibers

Total SIiPM number 28

* Fabrication, maintenance costl
2 3000
§ - — Bottom Left (Ch. 1)
S sesol —— Bottom Right (Ch. 15) .
<k —— Top Left (Ch. 9) ‘
2000 —— Top Right (Ch. 23)
1500:_ . ’/ Aluminum Fixture
: Saving waveform! E_
1000 :— SiPM Front-end
500:
| I R BTN l"l;l/
800 — l1000 1500 2000 I (ﬁg)oo 1?%%{{/{{///// 0
2. Moveable DAQ system P 4
« Many channels(~80ch)

19



1. Real-time Portable Milograpil&

1. Robust, cost-effective

3. Compact design

Fabrication, maintenance costl

« 0.3m?sized detector

=>» Muography in car
with high speed(55km/h)

w
(=3
(=3
(=3

E —— Bottom Left (Ch. 1)
— Bottom Right (Ch. 15)
— Top Left (Ch. 9)
— Top Right (Ch. 23)

ADC counts
n
o
o
=4
I

2000

1500_—

Saving waveform!

1000~

500

1 L | 1 1 1 1 | 1 1 1 1 | L 1 1 1 |

800 — 1000 1500 2000 Time (ﬁg)OO
2. Moveable DAQ system
« Many channels(~80ch)

Low power consumption(68W)

2
Il
W

’ More compact \ A

S AT
\ «
<y

» Real-time Monitoring via WIFI

1 detector = v = 55 km/h
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Muons/s
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08:50 08:55 09:00 09:05

Korea Standard Time (date, time)

24/06/12
06:40

Sections divided by geographical uniqueness!
- Section 1 : many tunnels of varying lengths and types

- Section 2 : includes the longest tunnel

=> Section 3 : Yangyang underground laboratory (Y2L)(700m)

Korea Standard Time (date, time)




file Edit View Options Tools

HAWL

Musn Rate (ruons's)
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1. Real-time Portable Muograﬁlij

¢ Tunnel mapping examples

410 |

A

ale |
V4o J

Hwachon4 125 | Hwachon5 Hwachon6

Smallest Tunnel We can all so see mountain shape

Mapping 3m tunnel while moving(~55km/h)!!

il

| | | | |
22/11/25 22/11/25 22/11/25 22/11/25 221125 221125 22/11/25
10112 10:12 10:13 10:13 10113 10:14 10:14

| |||||ﬂ‘ | |||||||‘ 1] ||||‘ I

1 | | | Il ﬁ |—|—L‘ |
24/0612 24/06M12 24/06M12 24/06/12 24/06M12 24/06/12 24/06M12
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Korea Standard Time (date, time) 23



Muons/s

1. Real-time Portable Muogta"phy

: Tunnel mapping examples

Hwachon5

0=

10 Overpass (20) Muon rate

- L=35m, H=3m
L Tunnel (21) -

e
2 Fitting H=tom
| Extended Sigmoid function

1%1 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 v
320 3330 3340 3350 3360 3370

Local Runtime From Start (s)

Time to pass through the tunnel
— Length

Minimum muon rate
— Maximum Overburden
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vVerixics
: Charge spectrum

Detector Works very well!

Counts/s/bin

Reduction in muon rates

10°
—— No Overburden
———— Section Il
10° A ——— Section Ill (Y2L Rampway)
i ——— Y2L (700 m deep)
i
10 =H
1 1
10
102 i
10°

llll

11|||||>(103

104|l|||||1||||1H1|\‘111|1111111111111
0 10 20 30 40 50 60

70

80

Clear reduction in muon rates

90 100
Charge (ADC)

= e Data (No Overburden)
= = Model = Exponential + Landau
™ 8 SS Environmental y (Exponential)
M uon se I ec t | on - ﬂ wseeees Cosmic-ray | (Landau)
5 100 D
- T @ = =)
Signal efficiency | 99% | 5§ [ 1Y,
Gamma 2% i
contamination 10t
—ll\lz::}:Ql|||'|||lt|llllllll'lllli
10000 20000 30000 40000 50000 60000 70000
Total Charge (ADC)
Y2L Muon Flux
5 16F
2 L
2 14
ER
T L
12_—
10 1
sl
s
- COSINE-100
4__ *KIMS experiment HAWL
- experiment b experiment

Consistence with KIMS and COSINE-100
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verizic

: Open sky Muon Flux with Elevation

Muon Flux(counts/m?/s)

230

220

210

200

190

180

170

Tunnel Fitting data

o
B swsane

Yangyang

|IIII|IIII|IIII|IIII[IIII|III

Interval 0
—_—

} Muon Flux{No Overburden)

= True Elevation

R-Value = 0.76

A

*lnterval 1

[1™ [ | |
[T S N A T N T T A (S T AT

10 20

30

Guryongnyeong
—1400E g r
— c - L
Guryongnyeong I —1200.2 g L + ¢+ Data(Flux)
173 8 #or [ —— Model(altitude)
0| w E B
—11000 T -
_ = B ‘
= S 200
—800 = B
i —{600 190|—
. - Height:
_ 180 1013m ~500m
—200
Interval 2 _:0 - H
?I:lllrl_l_ 170_||||||||||||||||||||||II|IIII|III|||||||IIII|IIII
40 50 60 0 5 10 15 20 25 35 40 45 50
Tunnel number

Taebeak Mountain range
=2 100km 2~3h mapping

Travel distance(km)

Chi2/ndf = 74.316/48, P-value = 0.0088

The fitting data is reliable

Muon rate and Elevation fit well!

Dynamic Portable measurement was successful !
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Events/bin

10"

10°

1.

3. Detector RGD

What to Improve at HAWL

Gamma separation
- Detectable Overburden accuracy

T T I RTTT
LA

T Illlllll

T IIIIIII

s Data (N0 Overburden)
Model = Exponential + Landau

=== Environmental y (Exponential)
Cosmic-ray i (Landau)

AU IR AN

A/

30000 40000 50000 60000
Total Charge (ADC)

70000

Minimum Muon Rate (counts/s)

} Minimum i Rate

—— Expo. + Const. Model

Lol |

10 10°

3
Maximum Overburdeko(m.w.e.)

Upgrade : HAWLU

1. Light yield increasing : Direct attaching!
&: Two panel coincidence

- Gamma Noise and Muon Separation well
= Overburden range will improve.

1 4l

| Y e e

SiPM Front-end —
Electronics Board

Plastic Scintillator
— Aluminum Case =

" Units in millimeters 550 ’
.

2. Two panel = Trajectory reconstruction
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; 3. Detector R&D

What to Improve at HAWL

4. The dataset is small.

5. Position resolution is not good

Position Detection

€ =
E 450 —
= =
o 400—
= =
8 350
o — b
2 300 3. .
x - oK .
(¢v] - . ‘-
> 250 'f& (R
E . ‘:K(. - J . Real Position(x,y)
200; 35 i. ® (300,61.25)
150; o . '. '.'. . @ (300,428.75)
= o i s .. ® (640,245)
100 ; TR, - G024
- . " ¥ ¥ (300,245) (mm)
50—
0 : 1 | 1 | 1 1 1 1 ‘ 1 ® 1 I 1 ‘ 1 1 1 1 ‘ 1 Il 1 1 ‘ 1 | 1 1
0 100 200 300 400 500 600

X axis position (mm)

X Resolution: 61.88 + 1.54mm,

Y Resolution: 54.09 + 1.46mm

Upgrade : HAWLU

4. PS size -> 1.5times & At slower speed

5. Convolutional Neural Network (CNN)

Real Data
(Event number: 26104)

. 5709.0

I 235.4
n

BsEgEEEtie

v

Charge(ADC)




i Optical Fiber Front-end
HAWL Plastic : ront-en
Scintillator (HAWL) SiIPM Board

Directly attaching
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SiPM Hamamatsu, MPPC, S13360-6075 PE
Photosensitive area: 6 X 6(mm?2)

4. HAWLU PS Scintillator Elien-200(PVT), 1000X500X20(mm?)
' Reflector Vikuiti(ESR(Enhanced Specular Reflector) Film)
Detector

Data acquisition sys. NOTICE Muon DAQ, NOTICE TCB(Trigger-clock board), PC

HAWLU Blueprint DAQ sys.
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40 SiPMs per 1 panel, Two plastic panels
Total 80 SiPMs




§. Data taking

1st 10-times measurement

¥ Data: 2025.6.30
Speed: 31tkm/h
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§. Data taking

Charge spectum
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Over long-term measurements, the gain (each panel) varied!!
- HAWLU uses Coincidence events & gain matching
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Coincident Muon Flux (u/m?/s)

6. 10 times measurement

Two panel coincidence Undersea Tunnel 10 measurement
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, 6. 10 times measurement
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Charge spectra
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Trigger detector

Trigger 1
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Lower Pannel Example: Vertical
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* 7. Positioning

Lower Pannel Example: Horizontal

ADC Counts
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