
MULE: A Portable Muon Detection System for 
Real-Time Subsurface Density Monitoring
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BACKGROUND
Two geohazard-related incidents motivate this study: 
CASE 1 (2025 Yashio sinkhole): a deep-seated cavity developed above a sewer pipe over 
an extended period which was beyond the capabilities of conventional methods (e.g., 
ground-penetrating radar, in-pipe robotic imaging). 
CASE 2 (Takisaka landslide): a historic landslide triggered by saturation levels (due to 
snowmelt mostly) at failure strata of pumiceous tuff, currently monitored via discrete 
piezometer points in an existing drainage system. 

Both cases raise the similar question: can muography resolve these slow, often 
localized density changes?

METHODS

RESULTS
CASE 1 

Peak detection significance scales steeply with cavity radius: cavities of radius ≥ 30 
cm cross the 3σ threshold, and r ≥ 50 cm crosses 5σ, at 10⁷ events (~5 days exposure 
on 1 m²).The optimal viewing zenith shifts from ~43° at r = 25 cm to ~17° at r = 100 cm, 
reflecting the trade-off between cavity-chord length and cosmic-ray flux. The signal 
appears in nearly all zenith bins for r ≥ 50 cm, confirming detection across viewing angles 
rather than a single-bin fluctuation.

The signal appears in nearly all zenith bins for r ≥ 50 cm, confirming detection across 
viewing angles rather than a single-bin fluctuation.

CASE 2
A density contrast of Δρ = 0.4 g/cm³ between dry (1.7 g/cm³) and saturated (2.1 g/cm³) 
pumiceous tuff produces a 35% asymmetry between dry and saturated sides. 

The angular anomaly map shows clean azimuthal separation (peak local anomalies 
+40% dry / −30% saturated); every zenith bin individually exceeds 5σ, with ratios 
ranging 1.29-1.41 across 15-65° zenith.

Detector field validation
Coincidence filtering (1 ms window) isolates cosmic muons from backgrounds. 

Surface site: 1,663 muon coincidences (S/B ≈ 14, 12.3 h). Underground site: 27 
coincidences (14 h). A dry-season baseline is established at both deployment 
depths.
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CASE 1

CONCLUSION & FUTURE WORK

Cavities of radius ≥ 30 cm at 5 m depth in sand are detectable at 3σ with ~5 days exposure 
(1 m² detector); saturation contrast in tuff (Δ𝜌 = 0.4 𝑔/𝑐𝑚³) produces a robust 35% flux 
asymmetry. Portable scintillator hardware functions at proposed deployment depths. 
Future work might include (i) explore the depth parameter for CASE 1; (ii) simulate a 
borehole detector network for CASE 2 to assess spatial coverage; (iii) saturated-season 
field measurement to observe the seasonal transition. Also, extended the measurement 
time perhaps with 3-detector stack.

GEANT4 Simulation 

Angular flux anomaly across the split-slab geometrySchematic of target volume for dry/saturated contrast detection 
(idealized geometry)

Schematic of target volume for cavity detection 
(idealized geometry)

Conceptual deployment in existing 
drainage infrastructure (Takisaka)

Yashio sinkhole incident (Saitama, Japan) * Takisaka landslide area (Fukushima, Japan)

Prototype field measurements 
(Nov. 2025)

Parameter Value 

Target Sand (SiO₂)

Target dimensions 30 × 30 × 10 m³

Cavity geometry Sphere, r ∈ {25, 50, 75, 100, 150} cm

Cavity depth 5 m (center)

Muon source E−2.7, 1-100 GeV, and cos²(𝜃) 

Zenith range 0-65°

No. of Events 10⁷

Exposure 
equivalent: ~5 days 
on 1 m² detector

Peak detection significance vs cavity radius Detection significance vs muon zenith angle
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CASE 1 
A 30 × 30 × 10 m³ slab of sand (𝜌 = 1.6 𝑔/𝑐𝑚³) contains a spherical air cavity at 5 m 
depth. The cavity radius is varied across a range of r ∈ {25, 50, 75, 100, 150} cm. Detection 
significance is computed via the projected-trajectory, in which each muon's path is 
extended to the cavity depth, and survival fractions in the cavity-path region (projected r 
< R) are compared to a surrounding background. Significance is evaluated per zenith bin; 
the peak σ across bins quantifies detectability at each cavity radius. 
CASE 2
A 30 × 10 × 5 m³ split slab contains dry (𝜌 = 1.7 𝑔/𝑐𝑚³) and saturated (𝜌 = 2.1 𝑔/𝑐𝑚³) 
pumiceous tuff (Si 30%, O 55%, Al 15% by mass; 19% water in the saturated variant). A 
planar borehole detector (two 25 × 100 cm scintillators, 30 cm gap) embedded at 4.5 m 
depth. The angular flux anomaly 𝐴(𝜃, 𝜑), fractional deviation from the azimuthal mean 
at each zenith,  is the primary observable. 10⁷ events, 15 − 65° zenith.

A baseline field measurement was performed to establish dry-season detector response 
in the proposed deployment environment. Two SiPM-based plastic scintillators (~25 cm² 
effective area each) were stacked as a master/slave coincidence pair at two points within 
the Takisaka drainage system: a surface site and an underground site with ~100 m 
overburden. Pulse-height spectra were recorded over ~12 h at each location, normalized 
to rate density (Hz per ADC bin)
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