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Abstract

We study the source of background noise in cosmic-ray muon radiography (muogra-
phy) using emulsion film detectors. We claim that muography detectors should have a
momentum separation function to reduce systematic errors due to non-signal particles
with momenta less than 2GeVc™'. The origin of noise is expected to be electromag-
netic components of air-showers or cosmic-ray muons scattered in topographic mate-
rial. As a demonstration, we construct two types of detectors with different momentum
thresholds and perform test measurements of an actual geoscientific target. The analy-
sis of emulsion data is explained in detail, including film inefficiency compensation and
momentum selection by applying an upper bound to the chi-square distribution to the
data.

1 Introduction

Muon radiography (muography) is a non-invasive inspection technique that exploits the
high penetration power of cosmic-ray muons (CR muons). Use of this technique has
spread to a variety of fields, such as volcanology (e.g. Tanaka et al., 2007; Lesparre
et al., 2012; Portal et al., 2013), and hydrology (e.g. Tanaka et al., 2011b). Muography
technique is based on the measurement of the absorption of cosmic-ray muons inside
the target material. The energy spectrum of CR muons and their interaction with mat-
ter have been extensively investigated, and the attenuation of muon flux can be used
to derive the amount of matter present along the muon trajectories. The amount of
matter is given in units of density times length (density-length, 1OOgcm'2 =1m water
equivallent — m.w.e.).

Muography of mountains has been performed by placing a position sensitive detector
for minimum ionization particles (MIPs) at the foot of the target mountain. These mea-
surements aim to detect muons that traverse the detector nearly horizontally. Since the
flux of horizontal muons is approximately one-tenth to one-hundredth of that of vertical
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muons, and it decreases drastically when passing through material, the number of
signal muons is very small. Therefore, the background noise caused by non-signal
particles must be excluded.

A requirement of signal muons is that they have to passed through the target mate-
rial with a straight trajectory. These muons should have high momentum when they are
detected. On the other hand, we assume that the following are sources of background
particles: (1) electromagnetic components of air-showers and (2) CR muons deflected
with large angles through the material. As discussed in the next section, most of these
background particles have momentum less than 2GeV c™'. These low-momentum par-
ticles are scattered into random directions by the material around the detector. They
may pass through the detector by chance and may generate background noise.

Based on the above discussion, we conclude that a muography detector must
have a momentum separation function to reduce systematic errors arising from low-
momentum background particles. As a demonstration, we constructed two types of
detectors with different momentum thresholds using emulsion films, and we performed
a test measurement of an actual geoscientific target. In this paper, we describe the
analysis method of the emulsion film data. Compensation for the film inefficiency is
described in detail, since this process is crucial for converting the number of signals
into the particle flux. Using the particle fluxes from the two detectors, we verify the
existence of low-momentum background particles and we discuss their origin.

2 Signal and noise in muography
2.1 Signal muons

Muons are the most numerous charged particles at sea level (Beringer et al., 2012).
They are produced high in the atmosphere from the decay of charged mesons (pions
and kaons). Their energy and angular distribution reflects a convolution of their produc-
tion spectrum, energy loss in the atmosphere and decay. The energy spectra of nearly
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horizontal muons were investigated in detail in the MUTRON (Matsuno et al., 1984) and
DEIS (Allkofer et al., 1985) experiments in the 1980s. In this study, we use the analytic
formula of the muon energy spectrum developed by Matsuno et al. (1984). Although
the formula does not take into account the rigidity cutoff due to the geomagnetism of
the Earth, or the variation of solar activity, these effects affect the muon flux only in
the GeV-range, and the variation is only 10 %. The mean momentum of vertical muons
is ~4GeVc™ ' and that of nearly horizontal muons is ~ 10GeVc™'. The background
noise candidates, described in the next subsections, have typically lower momentum
than the signal muons.

2.2 Electromagnetic components of air-showers

The electromagnetic components from electromagnetic cascades, which are initiated
by the decay of neutral and charged mesons, can be sources of background noise in
muography, since they are scattered into the detector from random directions. Elec-
trons and positrons are most numerous near a critical energy (81 MeV in air). The
total vertical intensity of electrons plus positions is roughly, 30, 6, and 0.2 m2s ' sr™
above 10, 100, and 1000MeV respectively. A dedicated study (Golden et al., 1995)
shows that the ratio of electrons plus positions to muons is as much as one-third at
a few hundreds of MeV, and it decreases drastically to one-hundredth at 2GeV. This
precedent work implies that this component dominates the ionizing particles at ground
level below critical energy (81 MeV). Unfortunately there are no sufficient experimental
data for the angular dependence of the energy spectrum.

2.3 Scattered muons

Some CR muons are deflected with large angles in a target material due to multi-
ple coulomb scattering and bremsstrahlung. These muons can also be a source of
background noise in muography, since they lose their original information of direction
through the material.
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This can be shown by performing a simple Monte Carlo simulation in which CR
muons are injected into a certain thickness of material. We constructed a wall that had
a thickness of 100m and was composed of quartz (density: o = 2200kg m'3) in a com-
putational volume of the GEANT4 toolkit (Agostinelli et al., 2003) and injected 100 000
muons perpendicular to the wall. The incident momenta were adjusted to the CR muon
momentum spectrum above 10 GeV ¢! for a zenith angle of 80°. Of the injected muons,
23512 muons penetrated the wall and emerged from the other side. We extract the
momentum p,; of the ejected muons and their deflection angles Ad,, (Fig. 1). We
found that Ad,, has a long-tail distribution up to 0.3rad, and that most of the well-
deflected muons (Ad,; > 0.1rad) are low-momentum (p,,,; < 2.0 GeVc™). Thus, these
low-momentum muons could hit the detector from unexpected paths through the topog-
raphy and could cause a systematic error in the density-length estimation.

3 Momentum filtering in emulsion cloud chamber
3.1 Nuclear emulsion detector

Nuclear emulsion films are employed in three-dimensional charged particle detectors
that have sub-micron position resolution with no dead space and no dead time. The
emulsion film consists of plastic base and nuclear emulsion gel which covers the base
on both sides. The main components of the nuclear emulsion gel are basically same
with ordinary photographic films, AgBr crystals and gelatin. The AgBr crystals in nu-
clear emulsion gel are sensitive to charged particles (Nakamura et al., 2006). After the
nuclear emulsion are developed, the trajectories of the charged particles are recorded
as three-dimensional lines of the silver grains (Fig. 2). A typical size of the silver grain
is about 0.6 microns. These lines of silver grains are identified by an automated track
readout system (Morishima and Nakano, 2010; Arrabito et al., 2006).
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3.2 Momentum measurement with ECC

When a charged particle passes through the material, the particle is scattered by the
electric field of the nuclei (multiple coulomb scattering). A distribution of the scattering
angle is described as a Gaussian probability function whose standard deviation is given
by

13.6MeVc™' [t t
Ocoatt = T‘/70{1 +0.038log (70)} (1)

where p is the momentum, B the relative velocity to the speed of light, and /X, the
thickness of the scatterer in radiation length (Lynch and Dahl, 1991).

The emulsion cloud chamber (ECC) is a modular structure made of a sandwich
of passive material plates such as lead interleaved with emulsion film layers. Due to
the very high position resolution of emulsion films, we can determine the momentum
of the traversing particles by measuring small deflections of tracks caused by multiple
coulomb scattering (De Serio et al., 2003). Since the typical angular resolution of tracks
in an emulsion film is 5mrad, we can identify scattering angles of 1 GeVc™' particles
in a 1 mm-thick lead plate.

4 Experimental setup and coordinate systems

We prepared two types of detectors using OPERA-type emulsion films to investigate
the features of low-momentum noise particles. One is a stack of four emulsion films
(quartet detector). The other is a stack of 20 emulsion films and nine 1 mm-thick lead
plates (ECC detector). As discussed in Sect. 5.3.2, the momentum thresholds of these
two detectors are 0.2GeVc™ (quartet) and 2.0 GeVc™! (ECC), respectively. Schematic
cross views of these detectors are shown in Fig. 3. We installed the detectors 500 m
west of the summit of Mt. Showa-Shinzan in the Usu volcanic region in Hokkaido,
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Japan. These detectors were faced toward Mt. Showa-Shinzan. Behind the detectors
was another larger volcano, Mt. Usu. The exposure time was 168 days (21 Novem-
ber 2011 to 7 May 2012).

We employ a Cartesian coordinate system with the z-axis normal to the detector
plane (Fig. 3c) to identify the track position and direction. The track orientation is repre-
sented by (tan®,,tan6,), where 6, and 6, are the angles with respect to the film normal

projected on the xz and yz planes, respectively. The inclination angle 6 = \/6% + 67,
the angle between the track and the detector plane, is an important parameter, since
the angular resolution and film efficiency depend strongly on 8. While the ECC detec-
tor was placed vertically on the ground, we placed the quartet detector with a slant of
a = 11° to the ground. Thus, in order to compare the results, the quartet coordinates
(93,95) have to be transformed to the ECC coordinates (6,,6,) via the relation

Q tan@, q cosatané, -sina
tanf; = — tan Qy = — . (2)
smataney +cosa sinatan Qy +cosa

In this coordinate system, tan Gy > 0 indicates particles coming from the front, tan Gy <
0 particles coming from the rear, and tan8, = 0 horizontal particles, because almost
all the cosmic particles travel downward. The thickness of the rock along the radial
direction from the detector is shown in Fig. 4.

5 Analysis
5.1 Data acquisition and track reconstruction

After the fllms were developed, the tracks recorded in the emulsion films were read

using European Scanning System (Arrabito et al., 2006). The readout system outputs

the position, direction and linear density of the identified silver grains. Film-to-film align-

ment and track reconstruction were performed using the FEDRA framework (Tioukov
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et al., 2006). We then applied several cuts to the reconstructed tracks. The efficiency
for each cut is discussed in the subsequent section.

5.2 Track selection
5.2.1 Grain density cut

Minimum ionization particles (MIPs) are selected by removing tracks with an average
grain density (hnumber of AgBr grains on track) higher thresholds. The grain density is
almost proportional to the ionizing power of the incident particles. This methodology
has been established by several precedent studies. For instance, Toshito et al. (2004)
succeeded in discriminating 1.2GeVc™ pions (MIPs) from 1.2 GeVc™' protons (non-
MIPs) in an accelerator beam.

522 y2%-cut

In order to select tracks with straight trajectories in the detector, we apply a chi-square
cut based on deflection angle. ,1/2 is defined as

A6%, A6Z
12 = z > ! + 2” H (3)
O'R O'T

where A6y ; and Afy; are the deflection angles of tracks between the /th and (/ + 1)th
films in radial and transverse coordinates, and o are angular measurement errors,
shown in Fig. 5. In the RL coordinate system, while the radial error increases with
increasing 6, the transverse error is less independent on @ (De Serio et al., 2003).
An example of the resultant ,1'2 distribution is shown in Fig. 6. We select tracks with
p values > 0.01 (1 %).

656

GID
3, 649-677, 2013

BG study on
muogrpahy

R. Nishiyama et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.geosci-instrum-method-data-syst-discuss.net
http://www.geosci-instrum-method-data-syst-discuss.net/3/649/2013/gid-3-649-2013-print.pdf
http://www.geosci-instrum-method-data-syst-discuss.net/3/649/2013/gid-3-649-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

5.2.3 Number of hits cut

We eliminate chance coincidences of tracks recorded during transportation using
a cut based on the number of hits (n) among the total number of films (N). Figure 7
shows n distributions for selected almost-perpendicular tracks in the quartet detector
(N = 4,0 < 6% < 0.2) and the ECC detector (N = 20,0 < 6 < 0.4). Along with the num-
ber of hits distribution, we estimate the probability that the tracks recorded during trans-
portation are linearly aligned by chance and mistakenly identified as signals (shaded
histograms). In order to exclude these fake signals, we set the threshold as n > nCut 3

for the quartet detector, and n > nfﬁc =5 for the ECC detector.

5.3 Efficiency study
5.3.1 Film efficiency

The film efficiency is defined as the probability of detecting a track in a film when
a particle passes through it. Given the efficiency values of the quartet films, e4,¢€,, €3,

and ey, the probability that tracks are found in at least nSut = 3 of the total N = 4 films
can be expressed as

Q
€t = €1€2€364 + (1 —€1)€6364 +€1(1 - €3)€36,4 +€165(1 —€3)€4 +€1€2€3(1 - €4). (4)

The film efficiency values are estimated for several inclination ranges from the ratio of
triplet-hit signals and quartet-hit signals:

N4 [90 egax]

min *

N3/ [Qmm max] + N4 [Qm,n . max]

[Qmm max] = , (5)
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where N, [Gmm anx] is the number of quartet-hit tracks with inclination within Qmm <

6% < Ggax, and N ; is the number of tracks found in three films and not found in the /th

film. As shown in Fig. 8a, the total efficiency emt depends strongly on 6.

For the ECC detector, the efficiency of one film is estimated by fitting the n distribution
with a model function. We assume the single film efficiency € is a random variable
following the beta distribution beta(e, a, b), with mean and variance given by a/(a + b)
and ab/(a + b)2/(a + b +1). The expected n distribution can then be expressed as
a beta-binomial function, a compound of beta and binomial distributions:

N! B(n+a,N-n+b)
(N =n)in! B(a,b) ’
where B(---) denotes the beta function. The model parameters (a, b) are determined by

fitting the observed n-hit distribution with Eq. (6). We use the MINUIT package for this
fitting. The total efficiency then becomes

f(nla, b) =

(6)

20

€t [Omin : Omax] = > F(1alBrmin : Ormax], DLOmin : Omaxl). (7)
n=5

We show the film/total efficiency values of the ECC as a function of 8 in Fig. 8b. Al-
though the single plate efficiency values are generally lower than the quartet values,
the total efficiency is considerably higher than the quartet detector and is almost flat for
6 < 0.6. This stable, high efficiency is achieved due to the highly redundant films of the
ECC detector.

5.3.2 Momentum thresholds

The surviving rate of the Xz-cut is estimated for a variety of momenta by a Monte Carlo

simulation. Using random number generators, we generated deflection angles Afg |

for each gap in the detector and computed /1’|\2/|c from Eq. (3). The deflection angles
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were given as a combination of observational angular error and scattering angle in
Eq. (1):

ABg | = {Or + NOscatts (8)

where ¢ and n are normal random variables with a mean of zero and a variance of
one. The material and gap distance are taken into account in the t /X term in Eq. (1).
Out of 10000 tries, the percentage where the resultant ,1/,\2,|C meets the Xz-criterion
(p value > 1 %) is taken for the surviving rate at a given momentum €,,,m(p). Figure 9
shows the surviving probability as a function of momentum for the quartet and ECC
detectors. While s(p) of the quartet detector approaches 90% at 0.2 GeVc', the ECC
detector rejects particles of this momentum. The ECC detector is sensitive to particles
of momentum above 2.0GeVc ™. Thus, we can say that the momentum thresholds of

the quartet and ECC detectors are 0.2 GeVc™', and 2.0GeVc ™, respectively.

5.4 Particle flux calculation

A particle flux from a solid angle spanned by D: [tan@, i, :tan6, max.tand, min:
tan@, .« is derived from the number of selected tracks and the total efficiency val-
ues:

FQECC _

9)

1 N[Qi,min : ei,max]
/DSCOSQ T dQ i etot[ei,min : ei,max] ,
where N[6; nin - 0 max] denotes the number of selected tracks in the /th inclination

range, S the area of the film in the analysis, Q the solid angle, and 7 the exposure
time.

5.5 Simulated muon flux

For comparison with the observed particle fluxes, we calculate the expected values
of the muon flux for a variety of values of topographic density p4,. The calculation
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was performed by subdividing the view into small sections and summing the integrated
theoretical muon energy spectrum above the cutoff energies:

1

FoM = { Scos6,,TAQ £y (00 ) E dE}. 10
DxyScosf, ,TAQ Xzy Xy xy u(Oxy E) (10)

, , 7 Ecut(Xx,y)

Here, AQ,, and 0, , are the solid angle and the zenith angle for the subdivided
view with intervals of [Atan®,,Atan6,] =[0.01,0.01]. The energy cutoff £, value for
a given density-length is taken from the muon range table (Groom et al., 2001). The
density-length of the rock along the radial direction for the subdivided view was given
by X, = Osim* (thickness of rock).

5.6 Results

We summarize the results in Table 1. We estimate the particle fluxes (FQ’ECC) for three

angular domains, in which the rock thickness along the radial directions ranges in
(a) 70-469m, (b) 432—-1100m, and (c) 907-3879m, as shown in Fig. 4. Using the
observed fluxes, we estimate the average density of rock in each view by comparing
them with the simulated flux (Fig. 10). The quartet detector yields an average density
of 1.187307,0.7670 02, and 0.2370:92 gem ™ for domains (a), (b), and (c), respectively.
The ECC detector yields 2.337312 and 2.0010%3gcm™ for domains (a) and (b). For
domain (c), we could not determine the average density due to the lack of statistics.

For each domain (a), (b), and (c), the particle flux estimated from the quartet detector
is much higher than that from the ECC detector. Considering the different momentum
thresholds for the two detectors, this difference in flux arises from the low momenta
particles in 0.2 GeVe' < p < 2GeVc™'. While the density values determined from the
ECC detector are consistent with the density of typical volcanic rocks, the density val-
ues determined from the quartet detector are significantly low. This fact suggests that
while the ECC detects only the signal muons, the quartet detector is affected by con-
tamination from other low-momentum particles.
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6 Discussion and conclusion

This study confirms that the source of background noise in muon radiography is
charged particles with momenta < 2GeVc™'. It also demonstrates that a momentum
discerning detector, like an ECC detector, can reduce the contribution from background
noise to negligible levels.

We now compare our conclusion with some earlier studies of the background noise
particles in muon radiography. Tanaka et al. (2011a) discussed false muon tracks which
arise when several particles accidentally hit several counter planes at the same time
within the time resolution of the electronic muon detector. This type of noise is negligi-
ble in emulsion detectors because emulsion detectors have high position and direction
resolution, and the frequency of random coincidence of the tracks is lowered to negli-
gible levels as a result of the number of hits cut. Lesparre et al. (2012) discusses the
contamination from electromagnetic components of air-shower particles. They inserted
24 mm-thick of iron plates between the counter planes to stop e* /e~ particles with ki-
netic energies < 108.3MeV. In our study, the quartet detector also excludes particles
in this energy range; however, we still see an excess of particle flux. This difference
should be further studied with consideration of detector dependence problems.

It has not yet been determined whether low-momenta noise particles consist of
electromagnetic components or scattered muons, since our ECC detector does not
identify the type of particle because the thickness of the absorbing material in the
detector is not sufficient for electromagnetic calorimetry. Miyamoto (2013) used emul-
sion detectors like our quartet detector in a cave in Mt. Unzen and detected a sig-
nificant excess of the near-horizontal particle flux, although most of the e* /e~ par-
ticles seemed to be absorbed in the overburden rocks of thickness more than 10m.
This suggests that the background noise contains non-electromagnetic components.
We believe this subject should be further studied both numerically and experimentally.
Numerical studies should include a Monte Carlo simulation considering particle scat-
tering in the atmosphere and topography, and particle deflection in the geomagnetic
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field of the Earth. There are some pioneering works of such large-scale computation.
For instance, Honda et al. (2004) performed atmospheric neutrino flux calculations in
three-dimensional space with IGRF geomagnetic model for neutrino oscillation experi-
ments. Béné et al. (2013) attempted to quantify the amount of accidental coincidences
produced in the detector by air-shower induced particles. As an example of an ex-
perimental approach, we believe that an underwater measurement is feasible, where
the flux of the electromagnetic components is negligible and the density of overburden
material above the detector is given beforehand.
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Table 1. The number of the selected tracks for the three angular domains (a), (b), and (c) for
the quartet detector (top) and ECC detector (bottom). The last rows show the particle fluxes
with efficiency compensation using e, values for each inclination range.
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Fig. 1. Deflection angles of CR muons after passing through 100m thickness of quartz (simu-
lated using GEANT4). The injection momenta are adjusted to the CR muon momentum spec-
trum for a zenith angle of 80°. The histogram is classified into three color parts based on the
momenta of the ejected muons, green: p,, < 2GeVc™', blue: 2GeVc ™' < Pout < 10GeVc ™,
and red: 10GeVc™' < poy.-
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Fig. 2. Microscopic image of developed nuclear emulsion film.
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Fig. 4. Topological map of Showa-Shinzan Lava Dome, Usu, Japan. “Mu” shows the position
of our emulsion detectors. The observations ranges of the muon detector are given by ZAMB
(forward) and ZCMD (backward). The thickness of the material along the radial directions are

represented in the two color contour maps to the right.
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Fig. 5. Angular resolutions in the radial (red) and transverse (blue) coordinates. The horizontal
axis represents the angle between a track and the normal direction of the detection plane

(inclination: ).
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Fig. 6. Example resultant distributions of ,1'2 values for the quartet detector (left: ndf = 6) and
ECC detector (right: ndf = 12). The solid vertical line represents the upper bound we used
based on the chi-square criterion (p value > 1%).
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Fig. 7. (a) number of hits distribution among the four films in the quartet detector for tracks
with inclination 0.2 < 6° < 0.262. The shaded histogram shows the probability that the tracks
recorded during transportation are linearly aligned by chance and mistakenly identified as sig-
nals (fake signals). (b) number of hits distribution among the 20 films in the ECC detector for
tracks with inclination 0.2 < 8 < 0.317, fitted with a beta-binomial distribution.
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Fig. 8. Efficiency of signal detection as a function of track inclination 8 for the quartet detector
(left panel) and ECC detector (right panel). The green circles show the efficiency for single film
and the red circles show the total detection efficiency e
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Fig. 9. Momentum dependence of the efficiency for the ECC detector (solid line) and quartet

detector (dashed line).
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Fig. 10. Simulated muon flux against assumed density for two angular domains, (a): left and
(b): right. The particle fluxes observed in the quartet and ECC detectors are shown by green
and blue vertical error-bars (10). The estimated density values are shown by the horizontal
error-bars.
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