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Abstract. Conventional muon radiography has concentratedhigh penetration depth of muons in matter enables studies
on non-destructive studies of stationary objects with rel-of the internal structure of geological objects such as volca-
atively long exposure times required to achieve sufficientnoes (Tanaka et al., 2007, 2008, 2009a, 2010; Lesparre et al.,
muon statistics. A muon detection system with real time 2012) and seismic faults (Tanaka et al., 2011). Interactions of
readings and a high spatial resolution detector, enables theery high-energy cosmic rays with the atmosphere produce a
investigation of dynamic processes in a stroboscopic modeflux of high-energy muons. These muons come mostly from
where image frames are synchronized with the phases of ththe vertical, following a known zenith angle distribution. It is
dynamic target. Although the natural cosmic ray muon flux also known that muons arrive in the horizontal direction with
is quite low for imaging a rapid process, repetitive processes smaller average intensity, but with a higher intensity at en-
can still be studied with high time resolution by integrating a ergies above a few 100 GeV. These horizontal muons can be
large number of frames synchronized to the process. In thisised for muon radiography of volcanoes. Muon radiographic
paper we demonstrate the stroboscopic imaging capabilitieBnaging relies on attenuation contrast within the objects. If
of cosmic ray muon radiography with scintillation counters the target geometry is known, the information from counting
and the muon readout module. The dynamics of a chemicamuon events in the detector at different arrival angles can be
and melting process in an electric furnace with a size of 30 mused to infer the average density of the matter through which
water equivalent in diameter was investigated as an examplghe muons traveled, because only the integrated effect along
and stroboscopic images were obtained for hourly changeghe travel path leads to the attenuation of the flux. The re-
with acquisition frames of 400 h each. The results of thesequired observation time of the detection system is inversely
experiments demonstrate the future potential for muon raproportional to the area of the detector used.

diography of repetitional process, such as magma flow in a Most of the muon radiography measurements have been
conduit. applied to stationary objects, but only a few dynamic studies
have so far been performed (e.g. imaging before and after the
2009 Asama eruption; Tanaka et al., 2009b). One of the rea-
sons which makes it difficult for us to perform real time or
rapid time sequence radiography is the relatively low inten-

c . di h dt hy is b sity of the cosmic ray muon flux that leads to long integration
~-osmic ray muon radiography and tomography 1S beCOMy; e 4 reach an adequate contrast in muon transmission im-
ing a new technique for non-destructive studies of gigantic

biects. M di h first d to determi ages. Furthermore, integration times are even longer in the
objects. Muon radiograpny was 1irst proposed 1o determing ;5o of high resolution radiography. However, such low cos-

the thickness of an overburden of a horizontal tunnel in the ic ray muon flux can be compensated for by averaging a

Snowy Mountains in Australia (George, 1955). He measure(grge number of short acquisition frames, as in the case of

d f h duction in th f f hnberiodic processes. After adding up of all the images for the
and con (|jrm t. at ?r:e uctlzn 'O? t el T;gg Al\JIX re ectzt Ecorresponding time point, an average snapshot image with
average density of the overburden. In » Alvarez and othp o sratistics is obtained. The detection systems can be

ers applied George’s idea to the "Great Pyramid™ of Giza 0 5ynchronized with the processes of the target, and sufficient
search for undiscovered chambers (Alvarez et al., 1970). They P get
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muon statistics can be achieved in stroboscopic imaging, afFPGA-based (field programmable gate array) Muon Readout
ter integration of a number of frames. The image is built up Module, developed by Uchida et al. (2010) demonstrated the
by the superposition of a number of short-time datasets.  very low readout noise, high-speed event counting, and accu-
One of the potential applications for stroboscopic imagingrate timing of the acquisition frames. The readout frames can
is the investigation of recurrent processes of volcanic erupbe as short as one microsecond. The histogram of the muon
tion, which for example can be seen in Stromboli Volcano events as a function of azimuth and elevation angles was gen-
in Italy or Pu'u O’o of Kilauea Volcano in Hawaii. Stromboli erated on an internal memory of the FPGA as an HTML (hy-
has been erupting every five to 20 min for thousands of yearsper text markup language) file and was accessed and stored
with between four and six vents in the summit crater, andby a remote computer.
lava-flows are commonly emitted several times a year, cas- The detection system was installed next to an electric car-
cading down on the northern flanks of the volcano (D’Auria, bide furnace. The diameter of the furnace is 14 m. The dis-
2010). In Kilauea, the eruption was characterized by periodidance between the center of the furnace and the detection sys-
episodes of lava fountaining and the creation of lava lakesfem is 15m. The distance between the two segmented scin-
after massive drainbacks of the lava into the vent. Frequentillation detector planes (= position sensitive detector planes:
overflows from a lava lake formed over the new vent havePSD planes) was 100cm, and a root means square (RMS)
been building a broad, low shield. These drainbacks presumangular resolution of the system wa&sl4 mrad at an inter-
ably kept refilling the magma chamber and allowed a longerval of 33 mrad. The minimum resolvable distance (spatial
persistence of the eruption (Garcia et al., 2000). Stroboscopicesolution) at a target object is then defined by the mini-
muon radiography is an approach which can reveal the erupmum resolvable angle (RMS angular resolution) and the dis-
tion dynamics of such volcanoes. tance between the object and the detection sysfem) is
Since the cosmic ray muon flux limits the required im- 4+0.014+ R m. “Forward-directed” muon trails can be dis-
age integration time to achieve an acceptable number ofinguished from “backward-directed” ones by choosing pos-
muons, the resolution of stroboscopic muon radiography idtive or negative angles, respectively, because muons arriving
only limited by the characteristics of the parameters of thefrom below (neutrino-induced muons) are negligible to those
detection system (detection area, temporal and spatial resrriving from above. The combination of high angular resolu-
olution). In this work, stroboscopic muon radiography was tion, relatively large active area, and the cosmic ray muon in-
first performed. Data collection was based on the strobo+ensity allows stroboscopic imaging with acquisition frames
scopic method for investigations of repetition processes ofas short as 400 h with a density resolution of 13 % for a target
the chemical reaction in an electric carbide furnace: a set ofvith a size of 30 m water equivalent (mwe) (Tanaka, 2012).
images was recorded in exactly the same position by the elecFhe resolution of a similar type of the detection system was
tric furnace as a demonstration of stroboscopic imaging of aalso verified using cosmic ray muon radiography of a large
repetitional process inside a volcanic conduit. After addingsteel block (Tanaka, 2012). These images and the results of
up all the images for the corresponding phase, an averageur previous calibrations of spatial resolution of the trans-

shapshot with better statistics was obtained. mission images confirm that the spatial resolution is limited
only by the angular resolutions and intervals of the detection
system.

2 Experimental The position and orientation of the detection system were

optimized by using 3-D CAD (computer aided design) mod-
In this work, we investigated the capabilities of the detec-els of the buildings and plants in the factory, which pro-
tion system comprising plastic scintillator strips (Bicron BC- vide muon path lengths as a function of azimuth and eleva-
408) whose slot (2mm in depth and 2mm in width) con- tion angles. The location was chosen so that the “backward-
tains a wavelength-shifting (WLS) fiber with a diameter directed” muons were not affected by the existence of other
of 1mm (Bicron BCF-91A) that conveys the optical signal buildings and plants. Although the whole area of the detec-
to a multianode photomultiplier tube (MAPMT) (HAMA- tion system is sensitive to muons that come from the near-
MATSU H8500). The size of each scintillator strip (Bicron horizontal direction, it does not catch all the muons that en-
BC-408) is 40cm (Lx 3.3cm (W)x 1.5cm (H). The plane ter at large angles horizontally. The azimuth distribution of
contains 24 plastic scintillators arranged along thand y the “backward-directed” muons was then used to correct the
coordinates like a lattice, to determine the vertex point bygeometrical acceptance of the detection system. Total weight
determining the coincidence of two signals from two scin- of the detection system is about 15 kg, and therefore it was
tillator strips; the active area of the detector is>4@0 cn? possible for us to place the system in relatively small housing
at maximum geometrical acceptance. Electromagnetic (EM}hat can keep higher pressures inside, in order to avoid dust
showers and multi-muon events are rejected by discardingontamination (Fig. 1). The observation altitude was near the
events when more than one signal from the same layesea level.
(detector plane) coincides in a time gate of 100ns (multi- A carbide molten layer has different densities (2.0—
plicity cut). The prior experiments on muon imaging with 2.1 gcnt?3) from other layers (namely, heat, diffusion, and
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Fig. 1. Schematic view of the position sensitive detector (PSD) & 8 % ‘
plane (a) and a photograph of the present experimental setup in 0 0
. . . . 0 126 250 375 500 625 0 126 250 375 500 625
steel housingb). The housing was designed so that the distance Azimuth angle (mrad) Azimuth angle (mrad)
between two PSD planes is adjustable, and the inside air pressure is
controllable. Fig. 4. Stroboscopic muographs reconstructed with acquisition

frames of 400 h each to achieve the high spatial resolution of the
electric furnace undefa) low electric load andb) high electric
Electrode load conditions.
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3 Results and discussions

The low muon statistics in the dynamic muon radiography
can be substantially improved if the process under study is
repetitional. In this case, a number of phase-locked frames
can be integrated to form one image, which has sufficient
statistics without degrading spatial resolution of the image.
As proof of principle measurement, the electric furnace un-

reaction layers) (1.4-2.0 g cr#) in the furnace (Fig. 2). The der the differen.t load pa}tterns has been imaged in a _st_rgbo—
thickest part of the furnace is therefore30 mwe. Based on  SCOPIC mode with 10-min frames, but total data acquisition
the steel block experiment, it was confirmed that a density!iMme iS 400 h per image in this work. The total numbers of
resolution of 13 % for total data acquisition time of 400 h is collected muons are 226 694 for a high-electric load condi-
sufficient for us to image the boundary between the melt-oN (tptal observafu_on time of 195h), "?md ?38 137 for a low-
ing and other layers in the furnace. Since electric furnace<!€ctric load condition (total observation time of 205 h), re-
require a large amount of electricity, electric load patternsSPECtVEly. The acquisition frames are synchronized to the
change according to the electricity price per kWh. The planttig9€r provided by the electric load levels. A number of
operational conditions, therefore, frequently change in a day/f@Mes needs to be integrated in order to achieve the high
Conventionally, the internal conditions of the furnace haves'pa_tlal resolution of the resulting “frozen in tlm(_e image.
been estimated based on the operator’'s experiences and es-F'gWe 4 compares muographs between h'gh'. and low:
timation imagination. We attempted to obtain stroboscopic€'€ctric loads. This figure shows the muon transmission rate
images with better statistics by adding up all the snapshotéj'smb“t'on projected on the cross—sectlona_l plane that is par-
for the corresponding electric load patterns. Periodic electric/lé! to the detector plane. The more materials, the fewer the
load patterns are shown in Fig. 3. The load is a purely two-MuoNS there will be that have enough energy to get through

state system, where there is a certain rise time, but the faﬁhe furnace._ There, the _“morg mgterials" simply refers.to
time is negligible. higher density in the vertical direction because of the cylin-

drical shape of the target. When we perform muon radiogra-
phy of a target with such a simple geometry, and when the in-
formation on absolute density values is not necessary, muon
transmission mappings are not usually converted into average
density mappings in order to reduce errors associated with

Fig. 2. Reaction model of a electric carbide furnace.
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3-D geometrical modeling of the experimental setup that in-2500 eruption events is not unrealistic if we consider that
cludes the target and the detection system. Therefore, onl§10 eruptions were observed in Stromboli between 14 and
the horizontal distribution of the muons was corrected in this17 October 2007 (Goto et al., 2008).
image. In Fig. 4, we can see an increase in the muon trans- Lava flows erupting from Pu’u O’o are typically 5-10m
mission rate towards the edge of the furnace in general, and thick and at speeds of 50-500 m'h As in the case of mon-
maximum transmission rate at an elevation angle of 165 mradgtoring Pu’u O’o eruptions, we assumed a simple cylindrical
(2.5m above the base at the center of the furnace), whiclmodel with a diameter of 500 mwe, and a uniform density of
comes from a competition between a decrease in geometri2.0 g cnt 2 that includes a magma pathway 20 m in diameter,
cal acceptance and an increase in zenith-angular dependent®en calculated the time required to detect magma in the path-
of the muon intensity. way. The number of muons that can cross 500 and 460 mwe
Green to blue regions in the figure show relatively low is 0.15 and 0.18 m? min—1, respectively. If we assume that
muon transmission rates that indicate high densities. Whenhe detector’s active area and angular resolution i€ anu
higher electric loads are applied, a thickness of the high den100 mrad, and 50 frames are available for the integration, the
sity region increases. This is consistent with our vision thattime required to detect the magma at@nfidence level will
temperature rises and more molten materials are deposited e 20 min. From 1983 to 1986, a series of 44 lava fountains
the bottom of the furnace when higher electric loads are apwere built at Pu’u O’o, and thus, the number of frames we
plied. Overall, our detection system reached the acceptablassumed here is reasonable.
levels for the stroboscopic imaging of the target, the size of
which is that of an industrial plant.
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