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Abstract. The aim of this study is to ascertain and confirm amount of matter is given in units of density times length
the source of background noise in cosmic-ray muon radiog{density length, 100 g cnf = 1 m water equivalent — w.e.).
raphy (muography) using emulsion film detectors. For this, Muography of mountains has been performed by placing
we build two types of emulsion detectors with different mo- a position-sensitive detector for minimum ionization parti-
mentum thresholds and perform test measurements of an actes (MIPs) at the foot of the target mountain. These mea-
tual geoscientific target. This experiment reveals that con-surements aim to detect muons that cross the detector nearly
tamination of nonsignal particles with momenta of less thanhorizontally. Since the flux of horizontal muons is approxi-
2 GeV ¢! cause significant systematic errors for the densitymately one-tenth to one-hundredth of that of vertical muons
estimation of muography. Utilizing the results of precedentand decreases drastically when passing through material, the
studies, we conclude that the origin of these low-momentunrmumber of signal muons is very small. Because of this small
particles is either electromagnetic components of air shownumber, the background noise caused by nonsignal particles
ers or cosmic-ray muons scattered in topographic material. Inmust be excluded.
this paper, we analyze the emulsion data in detail, including A requirement of signal muons is that they must pass
the film-inefficiency compensation and momentum selectionthrough the target material with a straight trajectory. These
by applying an upper bound to the chi-square distribution formuons should have high momentum when they are de-
the data. tected. However, we assume that the following issues cause
background particles: (1) electromagnetic components of
air showers, and (2) CR muons deflected at large angles
through the material. As discussed in the next section, most
. of these background particles have momentum of less than
1 Introduction 2GeVc L. These low-momentum particles are scattered into
random directions by the material around the detector. They
Muon radiography (muography) is a noninvasive inspectionmay pass through the detector by chance and thus generate
technigue that exploits the high penetration power of Cosmic‘background noise.
ray muons (CR muons). Use of this technique has spread to Based on the above discussion, we conclude that a muog-
a variety of fields, such as volcanology (e-fanaka et al.  raphy detector must have a momentum separation function to
2007, Lesparre et a].2012 Portal et al. 2013, and hydrol-  requce systematic errors arising from low-momentum back-
ogy (e.g.,Tanaka et a).2011b. The muography technique ground particles. To validate this assumption, we built two
measures the absorption rate of cosmic-ray muons inside th@/pes of detectors with different momentum thresholds us-
target material. The energy spectrum of CR muons and theijyg emulsion films, and we performed a test measurement of
interaction with matter have been extensively investigatedgn actual geoscientific target. In this paper, we describe the

and the attenuation of muon flux can be used to derive theynalysis method of the emulsion film data. Compensation for
amount of matter present along the muon trajectories. The
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30 R. Nishiyama et al.: BG study on muography

the film inefficiency is described in detail, since this process This can be shown by performing a simple Monte Carlo
is crucial for converting the number of signals into the parti- simulation in which CR muons are injected into a cer-
cle flux. Using the particle fluxes from the two detectors, we tain thickness of material. We assumed a quartz-made (den-
check the existence of low-momentum background particlessity = 2200 kg nT3), 100m-thick wall in a computational
and we discuss their origin. volume of the Geant4 toolkitAgostinelli et al, 2003, and
injected 100000 muons perpendicular to the wall. The in-
cident momenta were adjusted to the CR muon momen-
2 Signal and noise in muography tum spectrum above 10 GeVE for a zenith angle of 80
Of the injected muons, 23512 muons penetrated the wall
and emerged from the other side. We extracted the momen-

. tL[|m pout Of the ejected muons and their deflection angles
Muons are the most numerous charged particles at sea |ev%ﬁom (Fig. 1). We found thatAdoy has a long-tail distri-

(Beringer et al.2012. They are produced high in the atmo- ution up to 08rad, and that 628 muons (3% of the pene-

sphgre by the decay of ch'arg.ed mesons (pions and kaonsﬁated muons) were deflected with more than 0.1 rad. Out of
Their energy and angular distribution reflect a convolution of

their production spectrum, energy loss in the atmosphere ant ese 628 muons, 568 (90 %) muons of were low-momentum
P P ' 9y P Pout <2.0GeVcl). Thus, these low-momentum muons

idr:;gi' ;?: d(?rr:théifﬁ]eg;anfﬁggaormg?éﬁggtg ;:ggz WEr&ould hit the detector from unexpected paths through the to-
9 ) pography and cause a systematic error in the density estima-

and DEIS Allkofer et al, 1985 experiments in the 1980s. tion

In this study, we use the analytic formula for describing the '

muon energy spectrum developed Matsuno et al(1984).

Although the formula does not take into account the rigidity 3 Momentum filtering in emulsion cloud chamber

cutoff due to the geomagnetism of the Earth, or the varia-

tion of solar activity, these effects affect the muon flux only 3.1 Nuclear emulsion detector

in the gigaelectronvolt range, and the variation is only 10 %.

The mean momentum of vertical muons\igGeVC_l and Nuclear emulsion films are employed in three'dimensional,

that of nearly horizontal muons is 10GeVcL. The back- charged particle detectors that have submicron position res-
ground noise candidates, described in the next subsection8lution with no dead space and no dead time. The emulsion

2.1 Signal muons

typically have lower momentum than the signal muons. film consists of plastic base and nuclear emulsion gel, which
covers the base on both sides. The main components of the
2.2 Electromagnetic components of air-showers nuclear emulsion gel are basically the same as ordinary pho-

tographic films, AgBr crystals and gelatin. The AgBr crystals
The electromagnetic components from electromagnetic casin a nuclear emulsion gel are sensitive to charged particles
cades, which are initiated by the decay of neutral and charge@Nakamura et al2006. After the nuclear emulsions are de-
mesons, can be sources of background noise in muographyeloped, the trajectories of the charged particles are recorded
since they are scattered into the detector from random dias three-dimensional lines of the silver grains (Big A typ-
rections. Electrons and positrons are most numerous neacal size of the silver grain is about 0.6 pm. These lines of
their critical energy (81MeV in air). The total vertical in- silver grains are identified by an automated track readout sys-
tensity of electrons plus positrons is roughly, 30, 6, andtem (Morishima and Nakan®01Q Arrabito et al, 2006.
0.2n2s 1sr! above 10, 100, and 1000 MeV respectively.  For the application of muography, several types of detec-
A dedicated studyGolden et al. 1995 shows that the ra- tor have been used, such as a scintillation type (€amaka
tio of electrons plus positrons to muons is as much as oneet al, 2011a Lesparre et al.2012 Anastasio et a).2013,
third at a few hundreds of MeV, and it decreases drasticallya gas chamber type (e.gBarnaféldi et al2012 Carloganu
to one-hundredth at 2 GeV. This precedent work implies thatet al, 2013, and an emulsion typ&dénaka et a).2007. The
this electromagnetic component dominates the ionizing pargreatest advantage of the emulsion detectors is that they are
ticles at ground level below the critical energy (81 MeV). Un- portable and do not require electricity to operate. In addition,
fortunately, there are no sufficient experimental data on theemulsion films enable us to trace the particle trajectories with
angular dependence of the energy spectrum. very high resolutions (position resolution: a few microme-

ters, angular resolution; a few milliradians).
2.3 Scattered muons

3.2 Momentum measurement with ECC
Some CR muons are deflected at large angles in a tar-

get material due to multiple coulomb scattering and When a charged particle passes through the material, the par-
bremsstrahlung. These muons can also be a source of bacfiele is scattered by the electric field of the nuclei (multiple
ground noise in muography, since they lose their original in-coulomb scattering). The distribution of the scattering angle
formation of direction as they pass through the material. is well described as a Gaussian probability density function
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Fig. 1. Deflection angles of CR muons after passing through 100 m thickness of g@ttadar scale(b) logarithmic scale). The injection
momenta are adjusted to the CR muon momentum spectrum for a zenith angfe dh8istogram is divided into three color parts based
on the momenta of the ejected muons, greeit < 2GeVc L, blue: 2GeVel < pout < 10GeVc !, and red: 10GeVe! < pout.
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Fig. 2. Microscopic image of developed nuclear emulsion film.

whose standard deviation is given by

136MeVc?t [ { < ¢ )}
= [/ —11+0.038log[ — )!, 1
pB Xo g Xo @

wherep is the momentumg the relative velocity to the speed
of light, and¢/ Xg the thickness of the scatterer in radiation
length Cynch and Dahl199]) This Gaussian approximation
is valid for small deflection angles (less than a f&.y).

Oscatt=

deflections of tracks caused by multiple coulomb scattering
(De Serio et a].2003. Since the typical angular resolution of
tracks in an emulsion film is 5 mrad, we can identify scatter-
ing angles of 1 GeV¢! particles in a 1 mm-thick lead plate.

4 Experimental setup and coordinate systems

We prepared two types of detectors using OPERA (Oscil-
lation Project with Emulsion-tRacking Apparatus) emulsion
films to investigate the features of low-momentum noise par-
ticles. 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). Both detectors were sandwiched
between two 3 mm-thick stainless plates to protect them from
ambient radioactive particleSgnaka et a).2007).

As discussed in Sect. 5.3.2, the momentum thresholds of
these two detectors are 0.2 (quartet) and 2.0 GE(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, Japan. These detectors were placed in front
of Mt. Showa-Shinzan. Behind the detectors was another
larger volcano, Mt. Usu. One week before the installation,
all the OPERA films were refreshed in a high temperature
and humidity place, and were packed in plastic envelopes in
a less humid place~50%). The detectors were fabricated
just before the installation to reduce the misreconstruction
of the tracks recorded during transportation. The exposure
time was 168 days (21 November 2011-7 May 2012). The
maximum temperature was 130 and the minimum was

The emulsion cloud chamber (ECC) is a modular struc-—8.8°C around the detector site during the exposJdepén
ture made of a sandwich of passive material plates such asleteorological Agency
lead interleaved with emulsion film layers. Due to the very We employed a Cartesian coordinate system with the
high position resolution of emulsion films, we can determinez axis normal to the detector plane (Figc) to identify
the momentum of the traversing particles by measuring smalthe track position and direction. The track orientation is
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Fig. 3. Schematic cross views of two types of emulsion detec-
tors. (a) Quartet detector: emulsion films, packed in twos in plas-
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Fig. 4. Topological map of the Showa-Shinzan lava dome, Usu,
Japan. “M” shows the position of our emulsion detectors. The obser-
vation ranges of the muon detector are given/lyMB (forward)

and ZCMD (backward). The thicknesses of the material along the
radial directions are represented in the two color-contour maps to
the right. The squarda), (b) and(c) indicate three angular domains
for which the particle fluxes are estimated.

5 Analysis

tic light-shielding envelopes stacked between 3mm-thick stainless

steel plates to ensure planarifly) ECC detector: ten envelopes and

5.1 Data acquisition and track reconstruction

nine 1mm-thick lead plates interleaved between 3 mm-thick stain-

less steel plategc) Emulsion coordinate system for identifying the
position and direction of particles.

represented by tah and tard,, where6, and6, are the
angles with respect to the film’s normal projections on the
xz andyz planes, respectively. The inclination angledan

J/tarfo, +tar? oy, the angle between the track and the de-

After the films were developed, the tracks recorded in the
emulsion films were read using the European Scanning Sys-
tem (Arrabito et al, 2006. The readout system outputs the
position, direction and linear density of the identified sil-
ver grains. Film-to-film alignment and track reconstruction
were performed using the FEDRA (Framework for Emul-
sion Data Reconstruction and Analysis) framewdrio(kov

et al, 2009. We then applied several cuts to the recon-

tector plane, is an important parameter since the angular restructed tracks.

olution and the film efficiency depend strongly énWhile

the ECC detector was placed vertically on the ground, we5.2 Track selection

placed the quartet detector at a slant e 11° to the ground.

Thus, in order to compare the results, the quartet coordi5.2.1 Grain density cut

nates(@?,ef) have to be transformed to the ECC coordi-
nates(d;, 6,) via the relation

Q tanod,
tand < = — )
sina tandy, + cosx
cosx tand, — sina
tang? = X 2)

sina tandy, + cosor’

In this coordinate system, tap > 0 indicates particles com-
ing from the front, tak, < 0 particles coming from the rear,
and tarf, = 0 horizontal particles, because almost all the

Minimum ionizing particles (MIPs) are selected by remov-

ing tracks with grain densities higher than a certain thresh-
old. The grain density is the number of silver grains per
unit length along the track and is almost proportional to
the ionizing power of the incident particles. This method-

ology has been established by several precedent studies. For
instance,Toshito et al.(20049 succeeded in discriminating
1.2GeV ¢! pions (MIPs) from 1.2 GeVt! protons (non-

MIPSs) in an accelerator beam.

cosmic particles travel downward. The thickness of the rock5.2.2  x2-cut

along the radial direction from the detector is shown in Big.

Geosci. Instrum. Method. Data Syst., 3, 289, 2014

In order to select tracks with straight trajectories in the detec-
tor, we apply a chi-square cut based on the deflection angle.
x?2 is defined as

ABZ .  AOZ.

2 R,i T,i
= B’ 3
X Z( o2 o2 ) @)
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Fig. 5. Angular resolutions in the radial (red) and transverse . . . . . .
(blue) coordinates. The horizontal axis represents the angle betwee-Fhe f'lm eﬁ'(?'ency IS def'”e‘?' as the probability O_f de.teCt'ng
atrack and the normal direction of the detection plane (inclination: track in a film when a particle passes through it. Given the
0). efficiency values of the quartet filmey, €2, €3, andeg4, the
probability that tracks are found in at Ieaﬁ%t: 3 of the

total N = 4 films can be expressed as
where A6r; and A6t ; are the deflection angles of tracks

between theéth and (i + 1)th films in the radial and trans- €t = €1€2€3€4+ (1 — €1)€2€zea + €1(1 — €2)€zea
verse coordinates, ang T are angular measurement errors, +e162(1 — €3)ea + €162€3(1 — €4). (4)

as shown in Fig5. In the RT (Radial and Transverse) co- ] N ) o
ordinate system, while the radial error depends severely or] he film efficiency values are estimated for several inclina-

6 with an increase rate of 10 mrad rad the transverse er- tion ranges from the ratio of triplet-hit signals and quartet-hit
ror is less dependent on (2 mradrad?) (De Serio et al.  Signals:
2003. The resultant? values are shown in Fid. We se-

lected tracks withp values> 0.01 (1%). Due to the finite [9 . 9Q ] _
angular resolutions of the microscopes, we regard the tracks L ™" " "M

in the tail (p values< 1%) as noise signals, although some
part of these tracks should be true muon signals.

Ny I:Gn?in : egax] 5)
Nai [0+ 0] + Na [ 053 - 6]

where Ny I:en(?nin : Grgax] is the number of quartet-hit tracks

5.2.3 Number of hits cut with inclination within en?in <09 < 6% and Na; is the

o o number of tracks found in three films and not found in the
We eliminate chance coincidences of tracks recorded durth film. As shown in Fig8a, the total efﬁciencthot depends

ing transportation using a cut based on the number of hitsstrongly org.

(n) among the total number of filmsV(). Figure7 showsn For the ECC detector, the efficiency of one film is esti-
distributions for selected almost-perpendicular tracks in themated by fitting then distribution with a model function.
quartet detector{ = 4,0 < ¢ < 0.2) and the ECC detector we assume the single film efficieneyis a random vari-
(N =20,0 <6 < 0.4). Along with the number of hits distri-  aple following the beta distribution, betaa, b), with mean
bution, we estimate the probability that the tracks recordedang variance given by/(a+b) andab/(a+b)?/(a+b+1).
during transportation are mistakenly identified as signalsThe expectea distribution can then be expressed as a beta-

(shaded histograms) by giving a misalignment of 500 pm be-inomial function, a compound of beta and binomial distri-
tween adjacent films. In order to exclude these fake signalsptions:

we set thgégreshold as> anut = 3 for the quarteft'detector, NI B(n+a,N —n+b)

andn > nSG© =5 for the ECC detector. In addition to this f(nla,b) = (N —n)n! B(a,b) ’ ©)
selection, we required the tracks in the ECC detector to pass e @

through at least five lead plates. where B(---) denotes the beta function. The model param-

eters (a,b) are determined by fitting the observedhit

www.geosci-instrum-method-data-syst.net/3/29/2014/ Geosci. Instrum. Method. Data Syst., 3,29-2014
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Fig. 7. (a)Number-of-hits distribution among the four films in the quartet detector for tracks with inclinafion @2 < 0.262. The shaded
histogram shows the probability that the tracks recorded during transportation are linearly aligned by chance and mistakenly identified as
signals (fake signalsib) Number-of-hits distribution among the 20 films in the ECC detector for tracks with inclinatiba 8 < 0.317,

fitted with a beta-binomial distribution.
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Fig. 8. Efficiency of signal detection as a function of track inclinatéofor the quartet detectqa) and ECC detectq(b). The green circles
show the efficiency for a single film and the red circles show the total efficiency vafIESC.

distribution with Eq. 6). We use the MINUIT package for 5.3.2 Momentum thresholds
this fitting. The total efficiency then becomes
The surviving rate of the2-cut is estimated for a variety

Ece 20 of momenta by a Monte Carlo simulation. Using random
€tof 6min : 6maxd = ) f (n]alfrmin : fmax], number generators, we generated deflection angesr for
n=5 each gap in the detector and compupq@c from Eq. @).
O[Omin : Omaxl)- (7)  The deflection angles were given as a combination of obser-

, . vational angular error and scattering angle in Bgy. (
We show the film/total efficiency values of the ECC as

a function off) in Fig. 8b. Although the single-film efficiency  Agg 1 = cor T+ noscan (8)

values are generally lower than the quartet values, the to-

tal efficiency is considerably higher than the quartet detectofvhere: andn are normal random variables with a mean of

and is almost flat fod < 0.6. This stable, high efficiency is zero and a variance of one. The material and gap distance

achieved due to the highly redundant films of the ECC detec-are taken into account in thg Xg term in Eq. (). Out of

tor. 10000 tries, the percentage where the resulj(qﬁg meets
the x 2 criterion (p value> 1%) is taken as the surviving rate
at a given momentum(p). Figure9 shows the surviving
probability as a function of momentum for the quartet and
ECC detectors. While(p) of the quartet detector approaches
90% at 0.2 GeVcl, the ECC detector rejects particles of

Geosci. Instrum. Method. Data Syst., 3, 299, 2014 www.geosci-instrum-method-data-syst.net/3/29/2014/
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E [Atand,, Atand,] =[0.01,0.01]. The energy-cutoff Ecyt
oof T A detector . value for a given density length is taken from the muon-range
0sE table Groom et al. 200]). The density length of the rock

2 along the radial direction for the subdivided view was given

E °-7; by X,y = psimx (thickness of rock).

o 0.6

£ ”°F

3 o5 5.6 Results

g E

s % We summarize the results of our experiment in Table 1.

g os- We estimate the particle fluxes"@ECO for three angu-
02E lar domains, in which the rock thickness along the ra-
oiE- dial directions are (a) 70-469m, (b) 432-1100m, and

E . | 1 (c) 907-3879m, as shown in Figd. Using the ob-

07 L IR - " " " 111 1 1 1 1111

10 served fluxes, we estimate the average density of rock
in each view by comparing them with the simulated flux
i i _(Fig. 10). The quartet detector yields an average density of
Fig. 9. Momentum dependence of the efﬁcnen_cy for the ECC detec 118004 076005 01 09379020 o3 for domains (a
tor (solid line) and quartet detector (dashed line). -16_0 04> Y- 1O_0 05 _0.029 (a),
(b), and (c), respectively. The ECC detector yield332) 13

+0.23 —3 i ;
this momentum. The ECC detector is sensitive to particlesand 20074779 cm for domains (a) and (b). For domain (c),
with momentum above 2.0 GeV'¢. Thus, we can say that we coglq not determine the average density due to the lack
the momentum thresholds of the quartet and ECC detectorgf stafistics. i i i
are 0.2, and 2.0 GeV'd, respectively. It should be also noted  0F €ach domain (a), (b), and (c), the particle-flux esti-
that ambient beta and gamma rays (submegaelectronalt mated from the quartet detector is much higher than that

few megaelectronvolt) are completely excluded with the aidfrom rt]he rE]CI((j: (?cetecr:]tor. Co(;mdermg t?f ﬂfffferent mpmftlan—
of this momentum cut. tum thresholds for the two detectors, this difference in flux

arises from the low-momenta particles i2GeVc ' < p <

10"

-
Q
o

1
p momentum (GeV/c)

5.4 Particle flux calculation 2GeVcl. While the density values determined from the
ECC detector are consistent with the density of typical vol-

A patrticle flux from a solid angle spanned By [tanfy min : canic rocks, the density values determined from the quartet

tand,, max tandy min : tandy maxl is derived from the number  detector are significantly lower. This fact suggests that while

of selected tracks and the total efficiency values: the ECC detects only the signal muons, the quartet detector
is affected by contamination from other low-momentum par-

FQECC_ 1 3 N16;.min : 6, max] . (9 ficles.

fD Scos T dQ ; Etot[ei’min : Gi,max]

where N[6; min: 6imax] denotes the number of selected
tracks in theith inclination range$S the area of the film in
the analysis§2 the solid angle, and@ the exposure time.

6 Discussion and conclusion

This study confirms that the source of background noise
in muon radiography is charged particles with momeata

2GeVcl. It also demonstrates that a momentum-discerning
For comparison with the observed particle fluxes, we calcu-detector, like an ECC detector, can reduce the contamination

late the expected values of the muon flux for a variety of fom background noise to negligible levels. _
values of topographic densipgim. The calculation was per- W_e have also compared our concIL_JS|on_W|th some e_arller
formed by subdividing the view into small sections and sum-Studies of the background_nmse particles in muon radiogra-
ming the integrated theoretical muon energy spectrum abov@hY- Tanaka et al(20113 discussed false muon tracks that

5.5 Simulated muon flux

the cutoff energies: arise when several particles accidentally hit several counter
planes at the same time within the time resolution of the elec-
FSIM _ 1 tronic muon detector. This type of noise is negligible in emul-
Zx,y Scosty y T AS2y y sion detectors because emulsion detectors have high position

o0 and direction resolution, and the frequency of random coinci-
{ ZSCosex’yTAQx’y / Fiu(Drys E)dE}. (10)  dence of the tracks is lowered to negligible levels as a result
Y.y of the number of hits cutLesparre et al(2012 discussed
the contamination from electromagnetic components of air-
Here, AQ,, and ¥,, are the solid angle and the shower particles. They inserted 24 mm-thick iron plates be-
zenith angle for the subdivided view with intervals of tween the counter planes to step/e~ particles with kinetic

Ecut(xx.y)
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Fig. 10. Simulated muon flux against assumed density for two angular don{ajnigft and (b) right. The particle fluxes observed in the
quartet and ECC detectors are shown by green and blue vertical error bar3lie estimated density values are shown by the horizontal
error bars.

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 #ginglues for each inclination range.

Quartet detectors = 27¢cn?, T = 1.45x 107 s

inclination range9Q domain (a) domain (b) domain (c) efficiency (%E,t
0-0126 151 71 — 95+20
0.126-0200 168 34 - 92+1.8
0.200-0262 1 3 27 T2A4+1.7
0.262-0317 - - 20 60+1.4
0.317-0368 - - 28 56+14
0.368-0416 - - 27 5B+15
0.416-0461 - - 2 454+ 1.5
total statistics 320 108 104
flux: FRem2sr1s71) (297+017)x 10> (8.25+0.80) x 10°® (1.19+0.12) x 10°°
estimated density (gcmny) 1187052 0767302 0.23"202

ECC detectors = 27cnf, T = 1.45x 10’ s
inclination ranged domain (a) domain (b) domain (c) efficiency (%fcC
0-0.200 - 15 2 > 984
0.200-0317 27 2 - 981+ 0.7
0.317-0416 75 - — 9M+0.3
total statistics 102 17 2
flux: FECCcm2sr1s71) (8.23+0.81) x10°® (1.1540.28) x 10~ too low statistics
estimated density (gcn?) 2337012 2.0070:23 too low statistics

energies< 108.3 MeV. In our study, the quartet detector also It has not yet been determined whether low-momentum
excludes particles in this energy range; however, we still seaoise particles consist of electromagnetic components or
an excess of particle flux. This difference should be furtherscattered muons, since our ECC detector does not identify
studied with consideration of detector dependence problemghe type of particle because the thickness of the absorbing
Jourde et al(2013 found the upward-going particles that material in the detector is not sufficient for electromagnetic
come from the backward free sky with a dedicated time-of-calorimetry. While the muon energy spectrum drops below
flight analysis of scintillation type detectors. This type of par- 1 GeV due to decay, the electron energy spectrum does not
ticles definitely cause noise signals also for emulsion detecdrop down to its critical energy in the air (81 MeV). This
tors. However, we did not find an excess of the particle flux inimplies that most of cosmic electrons at sea level have a
the backward direction for the ECC detector. This is probablylow energy of around 81 MeV and that they have typically
because there is a significant amount of rock in the backwardiarge scattering angles in the atmosphere. Thus these well-
direction for our detectors (Mt. Usu). scattered electrons hit the detector randomly. It should be
noted that these electrons come from the direction of the
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mountain, which resulted in the excess of the flux for the Burkhardt, H., Chauvie, S., Chuma, J., Chytracek, R., Cooper-
quartet detector and deteriorated density estimation of the man, G., Cosmo, G., Degtyare, S., Giani, S., Giannitrapani, R.,
mountain. Gibin, D., Gébmez Cadenas, J. J., Gonzalez, |., Gracia Abril,

Our result does not exclude the possibility that the cos- G- Greeniaus, G., Greiner, W., Grichine, V., Grossheim, A.,
mic muons, scattered in the topographic material, should be Guatelli, S., Gumplinger, P., Hamatsu, R., Hashimoto, K., Ha-
the source of background noise. Figdte shows that most sui, H., Heikkinen, A., Howard, A., lvanchenko, V., Johnson, A.,
of the well-scattered muons have momenta of lower than Jones, F. W., Kallenbach, J., Kanaya, N., Kawabata, M., Kawa-

1. . bata, Y., Kawaguti, M., Kelner, S., Kent, P., Kimura, A., Kodama,
2GeVc; and they were properly eXCIUdeq in our ECC de- T., Kokoulin, R., Kossov, M., Kurashige, H., Lamanna, E., Lam-
tector. However, a very small amount of middle-momentum s . | ara, V., Lefebure, V., Le, E., Minamimoto, K., Mora
muons (blue: 2GeVc! < p <10GeVc?) have a scatter- de Freitas, P., Morita, Y., Murakami, K., Nagamatu, M., Nar-
ing angle as large as 100mrad. The remaining problem is tallo, R., Nieminen, P., Nishimura, T., Ohtsubo, K., Okamura,
how many of these muons can reach and hit the detector. M., O’'Neale, S., Oohata , Y., Paech, K., Perl, J., Pfeiffer, A,
This should be further studied through a whole Monte Carlo Pia, M. G., Ranjard, F., Rybin, A., Sadilov, S., Di Salvo, E.,
simulation considering particle scattering in the atmosphere Santin, G., Sasaki, T., Savvas, N., Sawada, Y., Scherer, S., Sei, S.
and topography, and particle deflection in the geomagnetic Sirotenko, V., Smith, D., Starkov, N., Stoecker, H., Sulkimo, J.,
field of the Earth. There are some pioneering works of such ggzigat& MT.}uTsacrc])?tkals Sbgghﬁmﬁfgés’Lsaﬁlb;ihrsmi/ja;f_
large-scale computaupn. For. instané&nda e.t al'(.2004) M., Walkden, A., Wander, W., Weber, H., Wellisch, J. P., We-
pgrformed atmOSphe.nC neutrino-flux Calcylatlons Ina threg- naus, T., Williams, D. C., Wright, D., Yamada, T., Yoshida, H.,
dimensional .space with an IQRF (InternatlonaI.Geoma.\gn(.etlc and Zschiesche, D.: GEANT4 — a simulation toolkit, Nucl. In-
Reference Field) geomagnetic model for neutrino oscillation  yrym. Mmeth. A, 506, 250-303, 2003.
experimentsBéné et al.(2013 attempted to quantify the  Ajikofer, O., Bella, G., Dau, W., Jokisch, H., Klemke, G., Oren, Y.,
amount of accidental coincidences produced in the detector and Uhr, R.: Cosmic ray muon spectra at sea-level up to 10 TeV,
by air-shower induced particles. Nucl. Phys. B, 259, 1-18, 1985.

We have demonstrated that the high position/angular resAnastasio, A., Ambrosino, F., Basta, D., Bonechi, L., Brianzi, M.,
olutions of emulsion detectors enable high-S/N (signal-to- Bross, A., Callier, S., Caputo, A., Ciaranfi, R., Cimmino, L.,
noise) muography observations. The remaining task is to fas- D'Alessandro, R., D'Auria, L., Taille, C., Energico, S., Garufi,
ten the read-out speed of microscopes for the future appli- - Giudicepietro, F., Lauria A., Macedonio, G., Martini, M., Ma-
cation with larger detectors. The upgrading of the read-out S°Ne: V-~ Mattone, C., Montesi, M. C., Noli, P., Orazi, M., Passeg-

svstem is under development by several aroups a gio, G., Peluso, R., Pla-Dalmau, A., Raux, L., Rubinov, P., Sara-
Y s u . velop y Sev groups (8og2 cino, G., Scarlini, E., Scarpato, G., Sekhniaidze, G., Starodubt-
et al, 2013 Yoshimotqg 2013.

sev, O., Strolin, P., Taketa, A., Tanaka, H. K. M. and Vanzanella,
A.: The MU-RAY detector for muon radiography of volcanoes,
Nucl. Instrum. Meth. A, 732, 423-426, 2013.
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