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B Cosmic rays

Primary cosmic rays come from the space,
mostly originating from the sun

When entering the atmosphere the interact
with the atoms of which it Is composed and
they generate showers that, according to
the energy of the primary particle, can have
an extremely high number of secondary

particles
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Cosmic rays interaction with matter
INTERACTIONS: \When they encounter matter they 1) loose energy (they can be slowed down to

rest and absorbed) and 2) they deviate from the original trajectory
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Cosmic rays interaction with matter
INTERACTIONS: \When they encounter matter they 1) loose energy (they can be slowed down to

rest and absorbed] and 2] they deviate from the original trajectory

> anelastic collisions = excitation or ionization of the crossed medium

dE = 27N _ 2, 2 ZZZ
energy loss dx " alaMaC Poyp

2m y vt W, .
In T

' . C
) — 2B -6 — ZE‘ formula di Bethe — Bloch

> bremsstrahlung radiation = emission of photons

> production of electron-positron couples (e,e*)
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Cosmic rays interaction with matter
INTERACTIONS: \When they encounter matter they 1) loose energy (they can be slowed down to

rest and absorbed] and 2] they deviate from the original trajectory
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Applications (transmission)

-[ first idea:
to use the information on absorption of muons to measure the
thickness of the material crossed by the muons themselves
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-[ first idea:

to use the information on absorption of muons to measure the
thickness of the material crossed by the muons themselves

germano bonomi

The first ever civil application of the cosmic rays to inspect large
volumes dates back to 1955 when the thickness of rock above a
underground tunnel was measured by E. P. George [1]

[1] E. P. George, “Cosmic rays measure overburden of tunnel”, Commonwealth Engineer, [1955), 455.
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M Applications (fransmission)

-[ first idea:
to use the information on absorption of muons to measure the
thickness of the material crossed by the muons themselves

The first ever civil application of the cosmic rays to inspect large
volumes dates back to 1955 when the thickness of rock above a
underground tunnel was measured by E. P. George [1]

Another application much more spectacular was
realized by the Physics Nobel Price LW. Alvarez [2]
that in 1970 made a "radiography” of the Chefren
pyramyd looking for hidden chambers ... finding none

Radiography

v'Measure the number of muons surviving the passage

through the material: “black & white” images

[1] E. P. George, “Cosmic rays measure overburden of tunnel”, Commonwealth Engineer, [1955), 455.
[2] LW. Alvarez et al., “Search for hidden chambers in the pyramids using cosmic rays”, Science 167 (1970) 832.
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Search for Hidden Chambers
in the Pyramids

The structure of the Second Pyramid of Giza
is determined by cosmic-ray absorption.

Luis W. Alvarez, Jared A. Anderson, F. El Bedwei,

James Burkhard, Ahmed Fakhry, Adib Girgis, Amr Goneid,
Fikhry Hassan, Dennis Iverson, Gerald Lynch, Zenab Miligy,
Ali Hilmy Moussa, Mohammed-Sharkawi, Lauren Yazolino

The three pyramids of Giza are situ-
ated a few miles southwest of Cairo,
Egypt. The two largest pyramids stand
within a few hundred meters of cach
other. They were originally of almost
exactly the same height (145 meters),
but the Great Pyramid of Cheops has
a slightly larger square base (230 meters
on a side) than the Second Pyramid of
Chephren (215.5 meters on a side). A
photograph of the pyramids at Giza
is shown as Fig. 1. Figure 2 shows the
elevation cross sections of the two
pyramids and indicates the contrast in
architectural design. The simplicity of
Chephren'’s pyramid, compared with
the elaborate structure of his father's
Great Pyramid, is explained by arche-
ologists in terms of a “period of ex-
perimentation,” ending with the con-
struction of Cheops's pyramid (7). (The
complexity of the internal architecture
of the pyramids increased during the
Fourth Dynasty until the time of
Cheops and then gave way to quite
simple designs after his time.)

An alternative explanation for the
sudden decrease in internal complexity
from the Great Pyramid to the Second
Pyramid suggested itself to us: perhaps
Chephren's architects had been more
successful in hiding their upper cham-
bers than were Cheops's. The interior
of the Great Pyramid was reached by
the tunneling laborers of Caliph Ma-

The suthors are affilisted with the Joint Pyra.
mid Project of the United Arab Republic and the
United States of America. They reside cither in
Cairo, United Arab Republic, or in Berkeley,
California. The article is adapted from an ad.
dress presented by Luls W. Alvarez at the
Washington Mecting of the American Physical
Society, 30 April 1965,

82

mun in the 9th century A.D., almost
3400 years after its construction. Of
our group only Ahmed Fakhry (author
of The Pyramids, professor emeritus of
archeology, University of Cairo, and
member of the Supreme Council of
Archeology, Cairo) was trained in ar-
cheology. As laymen, we thought it not
unlikely that unknown chambers might
still be present in the limestone above
the “Belzoni Chamber,” which is near
the center of the base of Chephren's
Second Pyramid, and that these cham-
bers had survived undetected for 4500
years. {We learned later that such ideas
had occurred to early 19th-century in-
vestigators (2), who blasted holes in the
pyramids with gunpowder in attempts
to locate new chambers.)

In 1965 a proposal to probe the
Second Pyramid with cosmic rays (3)
was sent to a representative group of
cosmic-ray physicists and archeologists
with a request for comments concern-
ing its technical feasibility and archeo-
logical interest. The principal novelty
of the proposed cosmic-ray detectors
involved their ability to measure the
angles of arrival of penetrating cosmic-
ray muons with great precision, over a
large sensitive area. The properties of
the penetrating cosmic rays have been
sufficiently well known for 30 years to
suggest their use in a pyramid-probing
experiment, but it was not until the
invention of spark chambers with digi-
tal read-out features (4) that such a
use could be considered as a real pos-
sibility. [Cosmic-ray detectors with low
angular resolution had been used in
1955 to give an independent measure

of the thickness of rock overlying an
underground powerhouse in Australia's
Snowy Mountains Scheme (5)).

The favorable response to the pro-
posal led to the establishment by the
United Arab Republic and the United
States of America of the Joint U.A.R.~
US.A. Pyramid Project on 14 Junc
1966. Cosmic-ray detectors were in-
stalled in the Belzoni Chamber of the
Second Pyramid at Giza in the spring
of 1967 by physicists from the Ein
Shams University and the University
of California, in cooperation with ar-
cheologists from the U.A.R. Depart-
ment of Antiquities. Initial operation
had been scheduled for the middle of
June 1967, but for reasons beyond our
control the schedule was delayed for
several months. In early 1968 cosmic-
ray data began to be recorded on mag-
netic tape in our laboratory building,
a few hundred mecters from the two
largest pyramids. Since that time we
have accumulated accurate angular
measurements on more than a million
cosmic-ray muons that have penetrated
an average of about 100 meters of
limestone on their way to the detectors
in the Belzoni Chamber,

Proof of the Method

Before any new technique is used
in an exploratory mode, it is essential
that the capabilities of the technique
be demonstrated on a known system.
We gave serious consideration to a
proposal that the cosmic-ray detectors
be tested first in the Queen’s Chamber
of the Great Pyramid, to demonstrate
that the King’s Chamber and the Grand
Gallery could be detected. But this
suggestion was abandoned because the
King's Chamber is so close to the
Queen's Chamber and because it sub-
tends such a large solid angle that ear-
lier (low resolution) cosmic-ray experi-
ments had alrcady shown that the
upper chamber would give a large
signal. It was apparent that the only
untested feature of the new technique
involved the magnitude of the scatter-
ing of high energy muons in solid mat-
ter. (An anomalously large scattering
would nullify the high angular resolu-
tion that had been built into the de-
tectors, in the same way that frosted
glass destroys our ability to see distant
objects.) We had no reason to doubt
the calculated scattering, but we were
anxious to be able to demonstrate to
our colleagues in the U.AR. Depart-
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Recently the same technique has been used to inspect the inner part of a vulcano [3]

[3] K. Nagamine et al., “Method of probing inner-structure of geophysical substance with the horizontal cosmic ray muons
and possible application to volcanic eruption prediction”, Nucl. Inst. Meth. A 356 (1995]), 585.

EEH_) Nuclear Instruments and Methods in Physics Research A 356 (1995) 585-595 _W-_— m pr————
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Fig. 3. Counter telescope comprising three plastic scintillators
Abstract used for the Mt. Tsukuba measurement. $=0 (THROUGH OTOKOYAMA PEAK)

One potential use of cosmic-ray muons arriving nearly horizontally along the earth is a probe of the inner-structure of a
gigantic geophysical substance, such as a volcanic mountain. A simple detection system comprising a plastic scintillator
hodoscope which is expandable to a larger scale was developed. The first successful measurement of the inner-structure of
Mt. Tsukuba is described. The future perspective of the application of the present method towards the prediction of volcanic
eruption is discussed.
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6. Conciusion

Throughout the present considerations as well as the
test measurement on Mt. Tsukuba, it was made clear that
nearly horizontal cosmic-ray muons can be used to explore
the inner-structure of a gigantic geophysical substance,

such as the top region of a volcano. The detection method
described here ig cnfﬁmentlv clmnlp and mfwr\encu_m to be

expanded into a much largcr scalc. The proposed method
can be applied to probe the existence of an anomaly in the
density distribution, such as a cavity at the top region of a
volcano having a horizontal size of up to a few km. The
time-dependence measurement as well as an extension to
three-dimensional tomography would contribute to the
identification of any anomaly, suggesting a powerful new
prediction method of a volcanic eruption.

Fig. 5. Geometrical arrangement for the counter versus Mt. Tsukuba taken in the present measurement: (a) horizontal view, (b) vertical view
along the plane including counter and the top of Otokoyama and (c) conceptual three-dimensional view.
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ARTICLE

Received 13 Aug 2013 | Accepted 5 Feb 2014 | Published 10 Mar 2014

DOI: 10.1038/ncomms4381

OPEN

Radiographic visualization of magma dynamics

in an erupting volcano

Hiroyuki K.M. Tanaka', Taro Kusagaya' & Hiroshi Shinohara?

Radiographic imaging of magma dynamics in a volcanic conduit provides detailed information

about ascent and descent of magma, the magma flow rate, the conduit diameter and inflation

and deflation of magma due to volatile expansion and release. Here we report the first

radiographic observation of the ascent and descent of magma along a conduit utilizing

atmospheric (cosmic ray) muons (muography) with dynamic radiographic imaging. Time

sequential radiographic images show that the top of the magma column ascends right

beneath the crater floor through which the eruption column was observed. In addition to the

visualization of this magma inflation, we report a sequence of images that show magma

descending. We further propose that the monitoring of temporal variations in the gas volume

fraction of magma as well as its position in a conduit can be used to support existing eruption

prediction procedures.
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Figure 5 | Time sequential muographic animation. The plots show the angular distribution of 1 (68% CL) upper limit of the average density along the
muon path. The frame rate is 10 FPM. The data were not taken during 20-22 June due to a blackout. Horizontally adjacent two bins were packed
in order to achieve higher and more accurate statistics. The elevation and horizontal distances at the centre of the cone are shown.
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Applications (Napoli-Firenze)

Muon radiography
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Applications (Budapest

Hindawi Publishing Corporation
Advances in High Energy Physics
Volume 2013, Article ID 560192, 7 pages
http://dx.doi.org/10.1155/2013/560192

Hindawi

Research Article
Cosmic Muon Detection for Geophysical Applications

Laszl6 Olah,"” Gergely Gabor Barnafoldi,” Gergé Hamar,” Hunor Gergely Melegh,’
Gergely Suranyi, and Dezs6 Varga'

! Department of Physics of Complex Systems, Eotvos University, 1/A Pdzmdny P. sétany, 1117 Budapest, Hungary

? Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Hungarian Academy of Sciences,
29-33 Konkoly-Thege Miklos Street, 1121 Budapest, Hungary

? Budapest University of Technology and Economics, 3-9 Miiegyetem rkp., 1111 Budapest, Hungary

* Geological, Geophysical and Space Science Research Group of the HAS, E6tvis University, 1/C Pazmany P. sétany,
1117 Budapest, Hungary

Correspondence should be addressed to Laszlo Oléh; laszlo.olah@cern.ch
Received 5 January 2013; Accepted 31 March 2013
Academic Editor: Jacek Szabelski

Copyright © 2013 Laszl6 Oléh et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A portable cosmic muon detector has been developed for environmental, geophysical, or industrial applications. The device is a
tracking detector based on the Close Cathode Chamber, an MWPC-like technology, allowing operation in natural underground
caves or artificial tunnels, far from laboratory conditions. The compact, low power consumption system with sensitive surface of
0.1m” measures the angular distribution of cosmic muons with a resolution of 10 mrad, allowing for a detailed mapping of the rock
thickness above the muon detector. Demonstration of applicability of the muon telescope (REGARD Muontomograph) for civil
engineering and measurements in artificial underground tunnels or caverns are presented.
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FIGURE 1: The layout and structure of the REGARD Muontomograph, including the power supply (a) and the gas system (b) based on [5, 6].

FIGURE 5: Measurements taken at Kébanya at different places of the artificial tunnel. Upper row: Detector was exactly under the axis of the
blow hole (a), 15" tilted detector at the same position (b), next to the wall of the tunnel (c), and the shifted detector position (d). Solid red
lines are for the rocK’s length to the given direction in angles; shading is for the muon distribution after geometrical correction.
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W Curiosity (transmission)

Cosmic Rescarch, Vol, 40, No, 6, 2002, pp. $59-564, Transiated from Kosmicheskie Issledovaniva, Vol, 40, No, 6, 2002, pp, 605-609,
Original Russian Text Copyright © 2002 by Andreyev, Zakidyshev, Karpov, Khodov.

Observation of the Moon Shadow in Cosmic Ray Muons
Yu. M. Andreyev, V. N. Zakidyshev, S. N. Karpov, and V. N. Khodov

Institute for Nuclear Research, Russian Academy of Sciences, 60th October Anniversary pr. 7a, Moscow, 117312 Russia
Received April 25, 2001

Abstract—The effect of cosmic ray shadowing by the Moon is observed by recording the single muon compo-
nent with the Baksan underground scintillation telescope (BUST). A statistically significant (three standard
deviations) deficit of muon intensity in the Moon’s direction is discovered. A comparison of the experimental
results with the simulation of the shadowing effect for the BUST observations is made. An estimate of the angu-
lar resolution of the BUST for the single muon component is derived experimentally for the first time. The
results and the technique developed are planned to be used for observations of the Sun’s shadow.
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Coamic Research, Vol. 40, No, 6, 2002, pp. 559-564, Transiated from Kosmicheskie Issledovaniva, Vir, 40, No, 6, 2002, pp, 604-609,
Original Russian Text Copyright © 2002 by Andreyey, Zakidyshev, Karpov, Khodov.

Observation of the Moon Shadow in Cosmic Ray Muons
Yu. M. Andreyev, V. N. Zakidyshev, S. N. Karpov, and V. N. Khodov

Institute for Nuclear Research, Russian Academy of Sciences, 60th October Anniversary pr. 7a, Moscow, 117312 Russia
Received April 25, 2001

Abstract—The effect of cosmic ray shadowing by the Moon is observed by recording the single muon compo-
nent with the Baksan underground scintillation telescope (BUST). A statistically significant (three standard
deviations) deficit of muon intensity in the Moon’s direction is discovered. A comparison of the experimental
results with the simulation of the shadowing effect for the BUST observations is made. An estimate of the angu-
lar resolution of the BUST for the single muon component is derived experimentally for the first time. The
results and the technique developed are planned to be used for observations of the Sun’s shadow.
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The cosmic-ray Moon shadow seen by IceCube

By Silvia Bravo, 30 May 2013

Vvt |3

Cosmic rays, very high-energy particles generated somewhere in outer space,
continuously bombard the Earth from all directions. The Moon, however, absorbs those
particles that reach its surface after traveling over astronomical distances. Earth-based
telescopes such as IceCube use the cosmic-ray shadow cast by the Moon to calibrate
their angular resolution and their pointing accuracy for identifying point-like sources. The
first impacts on the size of source signal in the detector, while the second constrains the
precision with which the detector can estimate the direction of the incoming particles.

The observation of a cosmic-ray deficit from the direction of the Moon with the IceCube
Neutrino Observatory is thus an important milestone in proving its potential in the search
for point-like sources of astrophysical neutrinos. A recent measurement of the Moon
shadow in TeV cosmic rays with the IceCube telescope sets an upper limit on the
detector’s absolute pointing accuracy to 0.2 degrees. The Antarctic telescope has
observed the Moon shadow with a high significance (over 6 sigma), and the Moon’s center
has been measured to be statistically consistent with its actual location. The IceCube
Collaboration presents these results in a paper submitted today to Physical Review D.

3 2 1.0 1 2 3
(ar, - o) cOS(,) [deg]
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Abstract—The effect of cosmic ray shadowing by the Moon is observed by recording the single muon compo-
nent with the Baksan underground scintillation telescope (BUST). A statistically significant (three standard
deviations) deficit of muon intensity in the Moon’s direction is discovered. A comparison of the experimental
results with the simulation of the shadowing effect for the BUST observations is made. An estimate of the angu-
lar resolution of the BUST for the single muon component is derived experimentally for the first time. The
results and the technique developed are planned to be used for observations of the Sun’s shadow.

B i I T ! T T I ] 'a _I T T T T ]

@ 1 o !
S 041 ; 4 Soab | i
s r . s : 1
S I | S I , |
<02 1 <ozl | .
. =
-0.2+ — -0.2+ -10 —
S 1 R 1
0.4+ [ 130 - 0.4 []30 7]
T B N S R N R B N

-0.4 -0.2 0 0.2 0.4 -0.4 -0.2 0 0.2 04

((1“ - aM) COS(éM) [deg]

FIG. 8. Contour plot for the position of the minimum of the Moon shadow in the IC40 (left) and IC59 data (right) in the
(Aa, Ad) coordinate system. The reconstructed position for the Moon shadow from the maximum likelihood analysis is shown
as a black point, while the expected position of the Moon shadow after accounting for magnetic deflection is shown as a white

circle.
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The cosmic-ray Moon shadow seen by IceCube

By Silvia Bravo, 30 May 2013

Vvt |3

Cosmic rays, very high-energy particles generated somewhere in outer space,
continuously bombard the Earth from all directions. The Moon, however, absorbs those
particles that reach its surface after traveling over astronomical distances. Earth-based
telescopes such as IceCube use the cosmic-ray shadow cast by the Moon to calibrate
their angular resolution and their pointing accuracy for identifying point-like sources. The
first impacts on the size of source signal in the detector, while the second constrains the
precision with which the detector can estimate the direction of the incoming particles.

The observation of a cosmic-ray deficit from the direction of the Moon with the IceCube
Neutrino Observatory is thus an important milestone in proving its potential in the search
for point-like sources of astrophysical neutrinos. A recent measurement of the Moon
shadow in TeV cosmic rays with the IceCube telescope sets an upper limit on the
detector’s absolute pointing accuracy to 0.2 degrees. The Antarctic telescope has
observed the Moon shadow with a high significance (over 6 sigma), and the Moon’s center
has been measured to be statistically consistent with its actual location. The IceCube
Collaboration presents these results in a paper submitted today to Physical Review D.
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\uon tomograpny i o

velocity f-
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exploit the deflection of the cosmic rays to perform a tomography of ——E A
'
a desired volume (Los Alamos Group [1-3]) .
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Fig. 1. Multiple Coulomb scattering of a charged particle

through material. The magnitude of scattering is exaggerated
for illustrative purposes.

[1] K. R. Borozdin et al., "Radiographic imaging with cosmic ray muons”, Nature 422 (2003) 277.
[2] W. C. Priedhorsky, “Detection of high-Z objects using multiple scattering of cosmic ray muons”, Rev. Scient. Inst. 74 (2003) 4294
[3] L. J. Schultz, “Image reconstruction and material Z discrimination via cosmic ray muon radiography”, NIM A 519 (2004) 687.
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[1] K. R. Borozdin et al., "Radiographic imaging with cosmic ray muons”, Nature 422 (2003) 277.
[2] W. C. Priedhorsky, “Detection of high-Z objects using multiple scattering of cosmic ray muons”, Rev. Scient. Inst. 74 (2003) 4294
[3] L. J. Schultz, “Image reconstruction and material Z discrimination via cosmic ray muon radiography”, NIM A 519 (2004) 687.
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Muon tomograpny oo

velocity f-
-[ NOVEL IDEA:
exploit the deflection of the cosmic rays to perform a tomography of ——x A
a desired volume (Los Alamos Group [1-3]) W

length L, ':,‘ L
A working prototype of the dimensions of some tens of centimeters
has been build and operated. It proved that in principle such technique 3 . . /2
can be used to scan large volumes X
01
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{arbitary units)
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0 plane (rad) »

Experment Simulation

Figure 1 Radiographic imaging with muons of a test object (ieft) and the reconstructad image of ts Monte Carlo simulation {right).
The test odject is a tungsten cylinder [radius, 5.5 cm; helght, 5.7 cm) on a plastic (35 x 60 x 1 cm’) platz with two stes| suppot ralls.
The tungsten cylinder and the iron in the rails are cizarly visibie in both the experiment and simulation reconstructions. Insst, the widths of
the scattering distrbutions for tracks passing through the tungsten tasgst are very similar for the experimental and simuatad data.

Fig. 1. Multiple Coulomb scattering of a charged particle
through material. The magnitude of scattering is exaggerated
for illustrative purposes.
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Fig. 5. Experimentally produced cosmic ray muon radiographs
of (a) a steel c-clamp, and (b) "LANL" constructed from 1"
lead stock. The bar-like features result from steel beams used to
support a plastic object platform.

[1] K. R. Borozdin et al., "Radiographic imaging with cosmic ray muons”, Nature 422 (2003) 277.
[2] W. C. Priedhorsky, “Detection of high-Z objects using multiple scattering of cosmic ray muons”, Rev. Scient. Inst. 74 (2003) 4294
[3] L. J. Schultz, “Image reconstruction and material Z discrimination via cosmic ray muon radiography”, NIM A 519 (2004) 687.
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The test odject is a tungsten cylinder [radius, 5.5 cm; helght, 5.7 cm) on a plastic (35 x 60 x 1 cm’) platz with two stes| suppot ralls.
The tungsten cylinder and the iron in the rails are cizarly visibie in both the experiment and simulation reconstructions. Insst, the widths of

the scattering distrbutions for tracks passing through the tungsten tasgst are very similar for the experimental and simuatad data.

[1] K. R. Borozdin et al., "Radiographic imaging with cosmic ray muons”, Nature 422 (2003) 277.

Fig. 1. Multiple Coulomb scattering of a charged particle
through material. The magnitude of scattering is exaggerated
for illustrative purposes.
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Fig. 5. Experimentally produced cosmic ray muon racnographs
of (a) a steel c-clamp, and (b) "LANL" constructed from 1"
lead stock. The bar-like features result from steel beams used to

support a plastic object platform.

. First experimental

b demonstratlon L

[2] W. C. Priedhorsky, “Detection of high-Z objects using multiple scattering of cosmic ray muons”, Rev. Scient. Inst. 74 [2003] 4294
[3] L. J. Schultz, “Image reconstruction and material Z discrimination via cosmic ray muon radiography”, NIM A 519 (2004) 687.
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When they cross matter they are slowed down and they deviate from their original trajectory
[they can penetrate meters of steel, km of rock] the deviation angle has a Gaussian distribution, with mean value 0 and
RMS (projected on a plane) depending on:

M \\ P
13.6 MeV \ L
= (14 0.0038 in())
70 Bep (MeV/e) V X, ( " \?(XO)
g %,
| el
\ Xo -T\

b53th International Winter Meeting on Nuclear Physics Bormio - 29 January 2015



Muons: civil applications

\uon tomograpny

germano bonomi

When they cross matter they are slowed down and they deviate from their original trajectory

[they can penetrate meters of steel, km of rock] the deviation angle has a Gaussian distribution, with mean value 0 and
RMS (projected on a plane) depending on:

o) the inverse of the muon momentum p S

H\ P
13.6 MeV

o) the ¥ of the material thickness L oy = i (1 N OOOS\é\ln(i))
Bep (MeV/e) V X, VX

O
N
p ;
o) the inverse of the ¥ of the radiation length X, (which depends on 1/2Z) \
5 J |multiple H
X — 716.4 gem ™= A X,: the mean distance over which a high-energy A scattering }“.‘
¢ Z(Z +1)In(287//Z) electron loses 1/e of its energy by bremsstrahlung X TN
O \

1\/L
o~ —1\]
pV X,

P = momentum
Xo = radiation length
L = material thickness
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When they cross matter they are slowed down and they deviate from their original trajectory

[they can penetrate meters of steel, km of rock] the deviation angle has a Gaussian distribution, with mean value 0 and
RMS (projected on a plane) depending on:

o) the inverse of the muon momentum p M \ 6'

13.6 MeV L

L
o) the ¥ of the material thickness L — — 11 0.003 [ _ )
707 Bep (MeV/c) XO( " "y,

P
o) the inverse of the ¥ of the radiation length X, (which depends on 1/2Z) \\
7164 gcem™2 A - - - X { [HHRE
X — . X,: the mean distance over which a high-energy scattering|
o =

Z(Z - 1) ln(287/\/?) electron loses 1/e of its energy by bremsstrahlung

Multiple scattering for muons passing
through 10 cm of various materials

. P Xo/p
1 L Material Z e e
~ —_ Water - 1 36,1
D X Concrete | - 10,7

, . § Iron 26 | 7,87 1,76 11,9
P = momentum Lead 82 | 11,34 | 0,56
Xo = radiation length Uranium 92 | 18,97 | 0,32

L = material thickness

b53th International Winter Meeting on Nuclear Physics Bormio - 29 January 2015



Muons: civil applications germano bonomi
\uon tormograpny

When they cross matter they are slowed down and they deviate from their original trajectory

[they can penetrate meters of steel, km of rock] the deviation angle has a Gaussian distribution, with mean value 0 and
RMS (projected on a plane) depending on:

o) the inverse of the muon momentum p M \ ﬁ'

13.6 MeV L

L
o) the ¥ of the material thickness L — — 11 0.003 [ _ )
707 Bep (MeV/e) VX, ( " "y,

2
o) the inverse of the ¥ of the radiation length X, (which depends on 1/2Z) \\
7164 gcem™2 A - - - X J ARl y
X — . X,: the mean distance over which a high-energy scattering|
0 = ;
Z(Z + 1) ln(287/\/ Z) electron loses 1 /e of its energy by bremsstrahlung X
\ 0
A
8

Multiple scattering for muons passing
through 10 cm of various materials

. P Xo/p

1 L Material Z (@/cm?) | (cm)

~ — — Water - 1 36,1
‘p X 0 Concrete - 10,7

= lron 26 7.87 176 =

p= mOment‘um
Xo = radiation length
L = material thickness

Lead 82 | 11,34 | 0,56 °
Uranium 92 18,97 0,32

Potentiality to discriminate high Z materials from low and medium Z
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Applications (Los Alamos)

At LANL, we have developed Muon Tomography for
detecting concealed high-Z material (uranium, etc.)

e Measure deflection of cosmic muons

— tracking before and after passing
through object

— Generate muon “scattering density”
image

» “High-z" materials (like uranium)
deflect muons strongly

« Advantages over other methods:
— No artificial radiation
— Simple technology
— Inexpensive =
— Can penetrate thick cargoes Source: Decision Sciences Corporaton (licensee)
— Automatic ldentification

» Los Alamos ®
NATIONAL LABORATORY w“
EST.1943 'r
Operated by Los Alamos National Security, LLC for NNSA )
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Applications (Los Alamos)

We have extended Muon Tomography to the task of imaging thick
objects in very thick shielding.

[C] Concrete All distances in meters (m)
B Muonminidizcker (MMT) set Angles are in degrees, and are with respect to horizon.

O] Target region

~260
muons
1.2
3.66 A i ~110
/ 7\
N -
/ L1
~ 2.46
Vv v
>l 05k—— 2.74 <1007 274
< 6.48

» Los Alamos

NATIONAL LABORATORY

EST.1943
Operatéd-by tos Atamos Nationat-Security; LLC for NNSA
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Applications (Los Alamos)

September 12, 2012 Accepted to Physical Review Letters

Cosmic Ray Radiography of the Damaged Cores of the
Fukushima Reactors.

Konstantin Borozdin,1 Steven Greene,1 Zarija Lukic,2 Edward l\llilner,1 Haruo Miyadera,1
Christopher Morris,'® and John Perry*

Los Alamos National Laboratory, Los Alamos, NM, USA 87544

’Larwence Berkeley National Laboratory, Berkeley, CA, USA 94720

Abstract The passage of muons through matter is dominated by the Coulomb interaction with electrons
and nuclei. The interaction with the electrons leads to continuous energy loss and stopping of the
muons. The interaction with nuclei leads to angle “diffusion”. Two muon-imaging methods that use flux
attenuation and multiple Coulomb scattering of cosmic-ray muons are being studied as tools for
diagnosing the damaged cores of the Fukushima reactors. Here we compare these two methods. We
conclude that the scattering method can provide detailed information about the core. Attenuation has
low contrast and little sensitivity to the core.
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Applications (Catania)

Search for hidden high-Z materials inside containers
with the Muon Portal Project

P. La Rocca,*”!' V. Antonuccio,” M. Bandieramonte,* U. Becciani,® F. Belluomo,’
M. Belluso,“ S. Billotta,” A.A. Blancato,” D. Bonanno,” G. Bonanno,“ A. Costa,*
G. Fallica,? S. Garozzo,‘ V. Indelicato,* E. Leonora,” F. Longhitano,” S. Longo,*
D. Lo Presti,*” P. Massimino,® C. Petta,"” C. Pistagna, C. Pugliatti,*” M. Puglisi,’
N. Randazzo,’ F. Riggi,*” S. Riggi,© G. Romeo, G.V. Russo,”” G. Santagati,*”

G. Valvo,? F. Vitello,© A. Zaia® and G. Zappala“

“Dipartimento di Fisica e Astronomia,
Via S. Sofia 64, 95123 Catania, Italy

bINFN Sezione di Catania,
Via S. Sofia 64, 95123 Catania, Italy

“INAF — Osservatorio Astrofisico di Catania,

Via S. Sofia 78, 95123 Catania, Italy
dSTMicroelectronics,

Strada Primosole 50, 95121 Catania, Italy
“Insirio,

Via Nino Bixio 76, 98100 Messina, Italy

! Meridionale Impianti Welding Technology,
Bivio Aspro Str. Prov. Piano Tavola Belpasso, 95040 Belpasso, Italy

E-mail: paola.larocca@ct.infn.it

ABSTRACT: The Muon Portal is a recently born project that plans to build a large area muon
detector for a noninvasive inspection of shipping containers in the ports, searching for the presence
of potential fissile (U, Pu) threats. The technique employed by the project is the well-known muon
tomography, based on cosmic muon scattering from high-Z materials. The design and operational
parameters of the muon portal under construction will be described in this paper, together with
preliminary simulation and test results.
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Applications (Catania)
MIH S

The Muown Portal PmJ'gct L catanla - v Mechanical structure under control with PLC

v Monitoring and storage of various parameters
v’ Sensors for alignment and alarms

Mechanteal structure

v’ Basic architecture based on 8 physical
detection planes (4 XY logical planes)
segmented into 48 detection modules
(1m x3m)

v" Modules segmented into 100 strips of
extruded scintillator with double WLS
fibre readout

v’ High PDE, high fill-factor Silicon Plane Y
photomultipliers as readout sensors 2

4 9600 channels with a readout
compression technique

v’ Distance between top and bottom planes
5-7m

v Angular resolution around 3 mrad

Plane X

IPRD13 7-10 October 2013 Siena, Italy

Results from the 3 algorithms

Dept. Of Physics & Astronomy, University of Catania

y INAF, Astrophysical Observatory, Catania

2 , ; A ’ Poca Volume rendering

st | STMicroelectronics S.r.l. Catania

“ INSIRIO Insirio SPA

(NN, Meridionale Impianti Welding Technology

\ X. 1 ’ EM-ML Volume rendering

’ Clustering Volume rendering

/

IPRD13 7-10 October 2013 Siena, Italy
IPRD13 7-10 October 2013 Siena, Italy
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Figure 6. Tomographic imaging of the simulated scenario obtained with the POCA (left) and EM-ML (right)
method.
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o] UInIvVELSIb o oral NUCLIEAR The Glasgow/NNL

e OfGléngOW LABORATORY...

Muon Tomography Project

University
of Glasgow
A. Clarkson, D. J. Hamilton, G. D. Hill, M. Hoek, D. G. Ireland, R.

Kaiser, T. Keri, S. Lumsden, D. F. Mahon, B. McKinnon, M. Murray, S.
Nutbeam-Tuffs and G. Yang

Nuclear Physics Group, SUPA, School of Physics and Astronomy, University of Glasgow

..
NATIONAL NUCLEAR @
..

J. R. Johnstone, P. Knight, C. Shearer, C. Staines and C. Zimmerman

UK National Nuclear Laboratory, Central Laboratory, Sellafield, Seascale, Cumbria, CA20 1PG,
England, UK

* Feasibility study

Image spatial distribution of
N‘}B elements in 500 litre ILW barrel

Nuclear Waste Container monitor

O
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Applications (Glasgow)

EPJ Web of Conferences 66, 10005 (2014)
DOI: 10.1051/epjcont/ 20146610005
© Owned by the authors, published by EDP Sciences, 2014 Univcrsity

of Glasgow The Glasgow MT Detector

A Prototype Scintillating-Fibre Tracker for the Cosmic-ray Muon
Tomography of Legacy Nuclear Waste Containers

R.Kaiser'-2, A.Clarkson', D.J.Hamilton', M.Hoek!, D.G.Ireland', J.R.Johnston?, T.Keri',
S.Lumsden', D.F.Mahon', B.McKinnon', M.Murray', S.Nutbeam-Tuffs!, C.Shearer?,
C. Staines?, G. Yang', and C. Zimmerman?

"Nuclear Physics Group, University of Glasgow, University Avenue, Glasgow, G12 8QQ, Scotland, UK
2National Nuclear Laboratory, Central Laboratory, Sellafield, Seascale, Cumbria, CA20 1PG, England, UK

Abstract. Cosmic-ray muons are highly-penetrative charged particles observed at sea
level with a flux of approximately 1cm™min~!. They interact with matter primar-
ily through Coulomb scattering which can be exploited in muon tomography to image
objects within industrial nuclear waste containers. This paper presents the prototype
scintillating-fibre detector developed for this application at the University of Glasgow. First image reconstruction results from experimental data taken using this prototype detector system
Experimental results taken with test objects are shown in comparison to results from  are presented in Figure 2 in comparison to the corresponding simulation data for the same geometry
GEANT4 simulations. These results verify the simulation and show discrimination be-  and duration. In both the results from experimental and simulated data, sensitivity to atomic number
tween the low, medium and high-Z materials imaged. Z and discrimination between the A values of the stainless-steel bar, the two high-Z materials, and the
surrounding air is observed.

5 Results

y (cm)
y (cm)

x (cm) x (cm)

Figure 2. Comparison between images reconstructed from several weeks of exposure to cosmic-ray muons for
experimental data (left) and Geant4 simulation (right). Shown is a 1 cm slice in the xy-plane i.e. parallel to the
detector modules. The dashed lines provide an estimate of the location and dimensions of the test objects in the
assay volume.
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Applications (Bristol]

Bl University of
BRISTOL

Muon scattering tomography with
resistive plate chambers

RPC2012 - XI Workshop on Resistive Plate Chambers and Related Detectors

Speaker: Paolo Baesso — University of Bristol

David Cussans — University of Bristol Jaap Velthuis — University of Bristol Stacey Robertson — Atomic Weapon Establishment
Christian Thomay — University of Bristol Steve Quillin — Atomic Weapon Establishment Chris Steer — Atomic Weapon Establishment
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Applications (Bristol]

Setup — Hardware overview

* 6 readout planes (cassettes):
— 2 glass RPC per cassette (X,Y)

— Front-end electronic (Helix)
— Auxiliary electronics
— Gas and high voltage connectors

— Easy to swap/change configuration

 The cabinet includes the gas
mixing rig and HV distribution.
e (Cabinetsize:
— ~100 cm x 100 x 250 cm

e Scanning volume:

— ~“50cm x50 cm x 100 cm
10/02/2012
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Applications (Bristol)

Test with lead blocks

*10cm x 10 cm x 15 cm lead block.
* Point of closest approach algorithm (simple but effective for our tests).

e Cut on x? of the tracks.

* Bin only tracks which show a scattering angle above 30 mrad.

* Simple analysis made in Bristol to check the detector.

* AWE will work on algorithms for proper tomography.

* Bristol to develop alternative techniques to complement the analysis.

= [ 200

Z (mm)
Y (mm)

~ 10007 . B 180

100 L]
Q% 50 100 150 200 250 300 350 400 450 500

100 150 200 250 300 350 400 450 500

100 150 200 250 300 350 400 450 500
X (mm)

Y (mm) X (mm)

YZ Plane XZ Plane XY Plane 16

10/02/2012
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Applications (Bouloy)

%) STFC

Boulby Underground Laboratory

STFC Home > Boulby Underground Laboratory Home > Current projects > Muon Tomography > Muon Tomography - Deep Carbon,

MuScan, Muon-Tides

» Boulby Underground
Laboratory Home

* Overview
Overview

~Current projects
* DRIFT-II
* SKY-ZERO
* Muon Tomography
* Astrobiology

* Ultra-low Background Gamma
Spectrometry

* Future Projects

* Outreach and media
Outreach and media

* Contact us
Contact the Boulby Underground
Laboratory team...

Muon Tomography - Deep Carbon, MuScan, SHiechinks
Muon-Tides D Contact Us

Studies are underway to explore the use of Muon Tomography for deep 3D geological s STFC website
surveying applications. Muons are highly penetrating charged particles that are S
produced by cosmic rays from space and bombard the Earths atmosphere. On the = Boulby Underground
Earth’s surface about 1 muon passes through an area the size of your hand per Laboratory

seeond. 00 S

Cleveland Potash Ltd

Deep underground muons are attenuated by many orders of magnitude but the T g

Z 35 ; witter
muons that do penetrate can potentially be used to produce an ‘image’ of the T TT—
structures above. The technique, ‘Muon Tomography’, is similar to CT scanning in = YouTube channel
medical imaging, but as muons are more penetrating than X-rays much larger and
deeper structures can be imaged.

Muon tomography has already been successfully used to image deep structures such
as the interior of volcanoes and pyramids. Work is now underway to explore the use of
the technique for imaging even deeper structures, with possible applications in mining
and in monitoring for deep sub-surface storage initiatives such as Carbon Capture and
Storage (CCS). With its existing deep underground science facility, its depth and ease
of access to underground spaces of various depths Boulby is uniquely well suited to
the development of muon tomography techniques and instrumentation.

Participating institutions:

e STFC Rutherford Appleton Laboratory

Durham University

Sheffield University

Bath University

Jet Propulsion Lab (JPL) 0

© 2015 STFC. All Rights Reserved.
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The Mu- St@@\ prqect (RFCS CT-2010-000033) [Mid 2010-end 2012]

MU-STEEL Pro;ect  Muon

MUONS SCANNER TO DETECT RADIOACTIVE SOURCES
HIDDEN IN SCRAP METAL CONTAINERS

Project carried out with a grant of the European Commission
within the Research Fund for Coal and Steel

PARTNERS INVOLVED IN PROJECT ACTIVITIES DEVELOPMENT

Iékuppo BV seirave

)
INFN
(P

Universita di Brescia Universita di Padova Istituto Nazionale Fisica Nazionale,
Dip.to di Ingegneria Meccanica e Industriale Dip.to di Fisica Padova

TInternationa/ Conference on qpp//cai/‘onS of” nuc/ear fed/?n/?ae\s

Research Fund
for Coal & Steel

Project objectives

. Study the feasibility: of building a portal to
monitor the truck containers filled with
scrap metals entering steel mills foundries
to detect shielded radioactive source.

4@%1/_4 Z“Zhymna Beach , Kohtn — 22 Jetne 2013
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The Mu-Steel project (Rres GT—ZOWO—OOOOSB) mid 2010-end 2012

Research Fund

-\ ,MEJ—STEEL i & <o\
MU-STEEL Project

MUONS SCANNER TO DETECT RADIOACTIVE SOURCES
HIDDEN IN SCRAP METAL CONTAINERS

Project carried out with a grant of the European Commission
within the Research Fund for Coal and Steel

e I 0B

o’

monitor the truck containers filled with
scrap metals entering steel mills foundries
to detect shielded radioactive source.

PARTNERS INVOLVED IN PROJECT ACTIVITIES DEVELOPMENT

 In particular: ’
tecnogamma :
= . - #Ruweﬂ BELTRAME %[ ] develop a complete design of a portal

Y f [ ] build a detector prototype for the final portal §
INFN £ | ]
(_ £ [ | develop the 3D tomographic software {
Universita di Brescia Universita di Padova Istituto Nazionale Fisica Nazionale, SRSl Sy TN R SN S AN R S SIS NS .
Dip.to di Ingegneria Meccanica e Industriale Dip.to di Fisica Padova

.

An important goal of the project is therefore the assessment of the relation between four key
elements:

( Scanning and processing ti -

\\Minimum amount of shielding material to be detected J

R _

Oa\S
O\ x—ngscanning portal must not be a bottleneck in the normal inflow of scrap metal. The
P( experience in the Beltrame site in Vicenza shows that the maximum flow has been in the
past of about 300 trucks/day, or 1 truck every 3 minui , assume therefore
that a reasonable inspection time per truck should fall i in the range of 3 to 10 mlnute

Detection efficiency

Percentage of false positives

Internationa/ Contference on applications of nuclear fed/?n/?aes A U T/ A '6.5/5//)7/7& Beach , Kohn — 27 June 2013
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The Mu-Steel project (Rres GT—ZOWO—OOOOSB) mid 2010-end 2012
~ MU-STEEL. -

rap
MU-STEEL Project Muon omog

MUONS SCANNER TO DETECT RADIOACTIVE SOURCES
HIDDEN IN SCRAP METAL CONTAINERS

Project carried out with a grant of the European Commission
within the Research Fund for Coal and Steel

p P U

ny techn's

Project objectives

e

Study the feasibility of building a portal to
monitor the truck containers filled with
scrap metals entering steel mills foundries
to detect shielded radioactive source.

PARTNERS INVOLVED IN PROJECT ACTIVITIES DEVELOPMENT

L In particular:

tecnogamma :
= . - #RUPPO’ BEUTRAME ¥ [ ] develop a complete design of a portal
Y f [ ] build a detector prototype for the final portal §
INFN £ | ]
(_ £ [ | develop the 3D tomographic software {
Universita di Brescia Universita di Padova Istituto Nazionale Fisica Nazionale, SISl ST I SN SNSRI S O e
Dip.to di Ingegneria Meccanica e Industriale Dip.to di Fisica Padova

IS It possible to detect a
source shield in 3-10 minutes using
muon tomography technology”?

An important goal of the project is therefore the assessment of the relation between four key
elements:

. (Scanning and processing ime

- \Minimum amount of shielding material to be detected J

R _

X Oa\S

O\ scanning portal must not be a bottleneck in the normal inflow of scrap metal. The
P( experience in the Beltrame site in Vicenza shows that the maximum flow has been in the
past of about 300 trucks/day, or 1 truck every 3 minuie , assume therefore
that a reasonable inspection time per truck should fall in the range of 3 to 10 mlnute

- Detection efficiency

- Percentage of false positives

Internationa/ Contference on applications of nuclear fed/?n/?aes A U T/ A '6.5/5//)7/7& Beach , Kohn — 27 June 2013
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\uon tomography - basic principle

two detectors above and below the volume under study to measure the muon trajectory deviation from a straight line

9
% \
,oﬁ
?A.
>

muon detectors

‘- & 2 -
—MU-STEEL -+
- A U A - ~ o -~
. ~ .
. - . 4 .
. A LN ;l

muon detectors

small angle deflection large angle deflection

b53th International Winter Meeting on Nuclear Physics Bormio - 29 January 2015



Muons: civil applications germano bonomi

he u—St@@\ roject: 1| portal design

§ Maximization of the acceptance §
- detectors on 4 sides

Optimization of various
aspects (i.e. acceptance

vs cost) can stil be made ¥ Minimization of the material between tﬁé’ﬂpper and lower detectors

£ - upper detector is held from the top, lower detector from the bottom
' - the floor has been designed in wood

53th International Winter Meeting on Nuclear Physics
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The Mu-Steel project: |2] detector prototype

i  The detector prototype
i performances have been tested §
L inserting it in the LNL muon  §
tomography prototype { -

b53th International Winter Meeting on Nuclear Physics Bormio - 29 January 2015
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The Mu-steel project: 2] detector prototype

track angular precision

=
-

—

-

-

-

o = 3.2 mrad

Events

=
—IIIIIIIJJIILIIIIIIII

-0.06 -0.04 -0.02 0 0.02 0.04 0.06
around 90% efficiency rad

:_ hit precision
5 i
i {\
v 0=299 um
d /'
, |
S L | |
o f | (
[ |
B [ ]
i |
| J |
| y a7 |

-0.04 -0.02 0 0.02 0.04
cm

 The detector prototype  §

Inserting it in the LNL muon

b53th International Winter Meeting on Nuclear Physics

germano bonomi

| tomography prototype  {
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The Mu-Steel project: [3] iImage tomographic reconstruction

| Simplest method: ]
£ Single Scattering Approximation (SSA). §
¥ In space: Point of Closest Approach ~ §
. (PoCA) of 2 straight lines $

Uin. BOin detector

It works fine with a
single scattering point

Uotit. enl it detector

b53th International Winter Meeting on Nuclear Physics Bormio - 29 January 2015
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The Mu-Stee proJ@Gt 3| Image tomograpnic reconstruction

Slmplest method' ]
| Single Scattering Approximation (SSA). §
1 In space: Point of Closest Approach |

b (PQCA) of 2 straight Iines | |

Uin. BOin detector

It works fine with a
single scattering point

It fails for several
scattering centers

Uotit. enl it deteCtor

detector

It doesn’t use all the
information coming \
from a sample %

of muons :

Wetits Bt detector
b53th International Winter Mesgting on Nuclear Physics Bormio - 29 January 2015
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The Mu-Stes proJ@ct 3 mag@ tQmograpmc recomstructm

’j.SlmpIest meth'od 1
§ Single Scattering Approximation (SSA). §

¥ In space: Point of Closest Approach | ... let’s define “scattering density” for a material as:
|__(PoCA of 2straightines _§ L 5 radiaton length

A= —

X (specific for every element)
o

Uin. BOin detector

It works fine with a
single scattering point

It fails for several
scattering centers

Uotit. enl it deteCtor

detector

It doesn’t use all the
information coming \
from a sample %

of muons :

Uout. Bourt detector
b53th International Winter Mesgting on Nuclear Physics Bormio - 29 January 2015
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The Mu-steel project: |3 Image tomographic reconstruction

| ... for a more efficient approach 1

| Simplest method: ]
§ Single Scattering Approximation (SSA). §
¥ In space: Point of Closest Approach
}  (PoCA) of 2 straight lines !

... let’s define “scattering density” for a material as:

\ — 1 Xo = radiation length
o X (specific for every element)
o

Uin. Oin detector
it works fine with a The volume can be then T L
single scattering point divided into N cubic voxels M
(the density is assumed '
constant inside a single voxel) Uin, Bin detector

Unknown quantities: Ax

It fails for several X
scattering centers An iterative optimization algorithm Unkrowhs iy

(LMIA, List Mode lterative Algorithm) 1A

Uotit. enl it deteCtor

detector sippleel @ T
Maximum Log-likelihood function X )
can solve the system )

It doesn’t use all the
information coming \
from a sample %

of muons :

Uout. Bourt detector
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The Mu-steel project: |3 Image tomographic reconstruction

,' ... for a more efficient approach 3

§ Simplest method: ]
} Single Scattering Approximation (SSA). §
¥ In space: Point of Closest Approach
¥ (PoCA) of 2 straight lines !

... let’s define “scattering density” for a material as:

\ — 1 Xo = radiation length
o X (specific for every element)
o

Uin. Oin detector
it works fine with a The volume can be then T L
single scattering point divided into N cubic voxels M
(the density is assumed '
éﬂ constant inside a single voxel) Uin, Bin detector

Unknown quantities: Ax

It fails for several

scattering centers An iterative optimization algorithm IerErie ;\‘\
Uoit. Bantt detector (LMIA, List Mode lterative Algorithm) nG )
| applied to a ¥

detector

Maximum Log-likelihood function \
can solve the system " |
It doesn’t use all the Each single muon gives
information Coming a statistical information
from a sample X on the set of voxels it crosses
of muons |

With a sufficient statistics it is possible to estimate A« for each voxel:
in other words it is possible to
Unit. Ot detector reconstruct a 3D “density” image of the volume under study
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The Mu-steel project: |3 Image tomographic reconstruction

sl — — : Py P Iy S PP D e e L

" *Practical objective”
or & liters (17 cm side cub

)

f,d@@ﬁZ(KEQWSUe@@ )gmmesmadmcam)mmm@g_é

the volume (7 x 3.6 x 3 m°) has been divided in 604800 voxels (5x5x5 cm?)
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The Mu-steel project: |3 Image tomographic reconstruction

" Rrcica copoe
or 6 »\‘iter“s» (17 Cm Side F?Ub ) source Shie\d N S—W O minuteg ¥

| d@T@CT % (WS Cm Sld@ Cgbg

)

the volume (7 x 3.6 x 3 m°) has been divided in 604800 voxels (5x5x5 cm?)

Challenges:
- great computational effort [i]
- high noise to signal ratio (some voxel with few muons) [11]
- there is no information of the muon momentum p [111]
[Iarge scattering can be due to both low p muon through low density material

or to high p muon through high density material]
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The Mu-steel project: |3 Image tomographic reconstruction

— — g . o TIPS B O3 B W PN P SRS A 2 e )

~Pracical ctioche’
13.cm Side C}{b?) or 5 ’\‘iter‘s‘ (17 Cm Side ?Ub ) source Shie\d N 3-10 minuteg $

1 ~ detect 2 |

the volume (7 x 3.6 x 3 m°) has been divided in 604800 voxels (5x5x5 cm?)

Challenges:
- great computational effort [i]
- high noise to signal ratio (some voxel with few muons) [I1]
- there is no information of the muon momentum p [111]
[Iarge scattering can be due to both low p muon through low density material

or to high p muon through high density material]

[1] Computing optimization

- Cache alignment

- Memory optimization

- Parallel processing

- GPU testing

- Application-specific libraries

- Linear algebra-optimized libraries

- Faster workstations
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The Mu-steel project: |3 Image tomographic reconstruction

'‘Practical opjective’

,'.'- - detect 2 (13 om side ) or 5 liters (17 cm side ©¥%9) source shield in 3-10 minutes :

)

the volume (7 x 3.6 x 3 m°) has been divided in 604800 voxels (5x5x5 cm?)

Challenges:
- great computational effort [i]
- high noise to signal ratio (some voxel with few muons) [I1]
- there is no information of the muon momentum p [111]
[Iarge scattering can be due to both low p muon through low density material

or to high p muon through high density material]

[1] Computing optimization [11] Noise to signal ratio

- Cache alignment Post-processing and in-processing
- Memory optimization image filters

- Parallel processing

- GPU testing

- Application-specific libraries

- Linear algebra-optimized libraries

- Faster workstations
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The Mu-steel project: |3 Image tomographic reconstruction

— e e POV DR DN RN D O BT W Py P S S B D S Er Y

* *Practical objective’
or & liters (17 cm side cub

1 ~ detect 2 (13 cm side 00

)

_)» S0Urce Sh_i@\d N 84 O ‘mimutes ‘-‘

the volume (7 x 3.6 x 3 m°) has been divided in 604800 voxels (5x5x5 cm?)

Challenges:
- great computational effort [i]
- high noise to signal ratio (some voxel with few muons) [I1]
- there is no information of the muon momentum p [111]
[Iarge scattering can be due to both low p muon through low density material
or to high p muon through high density material]

[1] Computing optimization [11] Noise to signal ratio
- Cache alignment Post-processing and in-processing
- Memory optimization image filters

- Parallel processing

- GPU testing
- e [111] Muon momentum
- Application-specific libraries
- Linear algebra-optimized libraries Muon momentum estimate through
_ Easter workstations multiple scattering in detectors
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The Mu-Steel project: [3] iImage tomographic reconstruction

" "Practical cojective”
13 cm side *°) or 5 liters |

| detect 2|

17 om side 4¢) source shiad n 310 minutes |

e g g DS WS T 4 Py

the volume (7 x 3.6 x 3 m°) has been divided in 604800 voxels (5x5x5 cm?)

Challenges:
- great computational effort [i]

- high noise to signal ratio (some voxel with few muons) [11]

- there is no information of the muon momentum p [111]

[Iarge scattering can be due to both low p muon through low density material

or to high p muon through high density material]

[1] Computing optimization [11] Noise to signal ratio
- Cache alignment Post-processing and in-processing
- Memory optimization image filters

- Parallel processing

- GPU testing
- e [111] Muon momentum
- Application-specific libraries
- Linear algebra-optimized libraries Muon momentum estimate through
_ Easter workstations multiple scattering in detectors

b53th International Winter Meeting on Nuclear Physics

In the following, image
reconstructions will be presented

Complete GEANT4 simulation:

- muon generator
- full portal

- truck container with scrap metal

(average density ~ 0.5 - 0.7 g/cm?)
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[he LNL muon tomographny prototype

a 'test bed’ for the Monte Carlo and for the
3D Image reconstruction software
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The LN muon tomography prototype 2000 4ai

Padova University

‘ =it
Brescia University

germano bonomi

o

Genova University

The first “large-scale” muon tomography ever built is hosted in the INFN-LNL “Laboratori Nazionali di Legnaro” (Padova)

CMS spare muon “chamber” detectors

30cm  UPPER CHAMBER

A

’ Y
Upper detector
(incoming direction) 1
SR . :
d=

b53th International Winter Meeting on Nuclear Physics

Bormio - 29 January 2015



Muons: civil applications

The LNL muon tomography prototype 20% gk wen ||

The first “large-scale” muon tomography ever built is hosted in the INFN-LNL “Laboratori Nazionali di Legnaro” (Padova)
— - CMS spare muon “chamber” detectors

Upper detector -+
(incoming direction) :

=

Ei“[gt resyts IS

Upper chamber

Contents lists available at ScienceDirect

o : T 300 cm
&3 Nuclear Instruments and Methods in o=

Pe. N Physics Research A -

ELSEVIER journal h ge: www.elsevier.com/| /ni il

160 cm

First results on material identification and imaging with a large-volume

muon tomography prototype
S. Pesente ?, S. Vanini “*, M. Benettoni?, G. Bonomi®, P. Calvini€, P. Checchia?, E. Conti?, F. Gonella®?,
G. Nebbia?, S. Squarcia©, G. Viesti 9, A. Zenoni®, G. Zumerle
:INF‘N Semm di Pan_im via Marzolo 8, 35131 Padova, Italy :
University of Brescia, via Branze 38, 25123 Brescia and INFN Sezione di Pavia, via Bassi 6, 27100 Pavia, Italy Lower C] ber

© University of Genova and INFN Sezione di Genova, via Dodecaneso 33, 16146 Genova, Italy
“ University of Padova and INFN Sezione di Padova, via Marzolo 8, 35131 Padova, Italy

Nucl. Instr. and Meth. A 604 (2009) 738
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he LNL muon tomograpny prototype

For the Mu-Steel project the LNL muon tomography prototype has been used to detect a lead block inserted inside a
container of scrap metals [realistic conditions]
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he LNL muon tomograpny prototype

For the Mu-Steel project the LNL muon tomography prototype has been used to detect a lead block inserted inside a
container of scrap metals [realistic conditions]

REAL DATA

40 -20

Side view
5 minutes of data taking

-80 -60

-100

-120

-160 -140

3D view REAL DATA
20 minutes of data taking

)
'

Great improvements have been implemented in
the 3D image tomographic reconstruction software
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he LNL muon tomograpny prototype

For the Mu-Steel project the LNL muon tomography prototype has been used to detect a lead block inserted inside a
container of scrap metals [realistic conditions]

REAL DATA

40 -20

Side view =9
5 minutes of data taking

-80 -60

-100

-120

(=)
b
e
'
=1
©
=

3D view REAL DATA
20 minutes of data taking

The prototype has been modeled and simulated
using the GEANT4 package.
The Monte Carlo has been tuned to match the experimental results

40 -20

-80 -60

-100

=
o
=3
=+
I
=3
e

Great improvements have been implemented in
Monte Carlo simulation [corresponding to 5 minutes of data taking] = the 3D image tomographic reconstruction software
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== 3 =

/) /:v';!: % A
CMT®
Cosmic Muon Tomography (project) (& o=
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[he LNL muon tomographny prototype

a 'test bed’ for the Monte Carlo and for the
3D Image reconstruction software
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The Mu-steel project: |3 Image tomographic reconstruction

5 lters source shield, 5 minutes equivalent muon statistics iVlelalt=X@=1se X asl0|Z11l0)a

a-trimmed filter

look at neighbourhood of every voxel, discard the most atypical cubic 5x5x5 voxels mask
elements and calculate the mean value using the rest of them Gaussian shaped smoothing
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The Mu-steel project: |3 Image tomographic reconstruction

5 lters source shield, 5 minutes equivalent muon statistics iVlelalt=X@=1se X asl0|Z11l0)a

a-trimmed filter

look at neighbourhood of every voxel, discard the most atypical cubic 5x5x5 voxels mask
elements and calculate the mean value using the rest of them Gaussian shaped smoothing

NOt satisfactory
b53th International Winter Meeting on Nuclear Physics Bormio - 29 January 2015
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The Mu-steel project: |3 Image tomographic reconstruction

5 lters source shield, 5 minutes equivalent muon statistics iVlelalt=X@=1se X asl0|Z11l0)a
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The Mu-Steel project: muon momentum estimate

Multiple scattering in the detector is heavier for low momentum muons
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The Mu-Steel project: muon momentum estimate

Multiple scattering in the detector is heavier for low momentum muons

A rough (but very precious) estimate of the muon momentum can be dernved from the
measurement of the "residuals’ (difference between the best "straight ine” fit and single hits)
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The Mu-Steel project: muon momentum estimate

Multiple scattering in the detector is heavier for low momentum muons

A rough (but very precious) estimate of the muon momentum can be dernved from the
measurement of the "residuals’ (difference between the best "straight ine” fit and single hits)

Muons are thus divided in few categories (from low to high momentum) and for each
of them the average momentum of the range is used in the minimization process

b53th International Winter Meeting on Nuclear Physics Bormio - 29 January 2015
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The Mu-steel project: |3 Image tomographic reconstruction

5 liters source shield, 5 minutes equivalent muon statistics MiVlelail=X@=lsleXlaalVIElile)a)

®

a-trimmed filter + muon momentum estimate
cubic 5x5x5 voxels mask

- 3
2 Iiters 13x13x13 cm Gaussian shaped smoothing (o = 0.5)
! muon momentum in-processing
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The Mu-Blast project (Rrcs CT-2014-00027)

Partners [mid 2014-mia 201 6}
University of Padova (ltaly) Furopean Commission
INFN (Italy) Budget

Centro Sviluppo Materiali (italy) 896.123 €
University of Brescia (Italy)
Swerea Mefos (Sweeden)
L uossavaara-Kirunavaara AB - LKAB (Sweeden)

Research Fund
fOI’ Loal & Steel

ana Ol 1Ne [¢
software]
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W Yet another idea

-1 thickness measurements

-: muon tomography

-| muon based monitoring systems
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Yet another 1dea

-l thickness measurements

-: muon tomography

-| muon based monitoring systems

—[ use the cosmic rays to monitor the

alignment of physical part of a given
structure (tower, pillar, mechanical press,

etc., etc.]

original idea of a physicist A. Zenoni and an engineer
D. Cambiaghi of the University of Brescia that collaborated to
the construction of the apparatus holder of the FINUDA

experiment, then “aligned” with cosmic rays
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W Yet another idea

-l thickness measurements

-| muon tomography

-| muon based monitoring systems

—[ use the cosmic rays to monitor the

alignment of physical part of a given
structure [tower, pillar, mechanical pres

etc., etc.]

original idea of a physicist A. Zenoni and an engineer
D. Cambiaghi of the University of Brescia that collabore
the construction of the apparatus holder of the FINUD.

experiment, then “aligned” with cosmic rays

germano bonomi

Cosmic rays detection based measurement systems:

a preliminary study

I Bodini', G Bonomi'?, D Cambiaghi', A Magalini', and A
Zenoni'*

! Universita degli Studi di Brescia, Facolta di Ingcgnqria, Dipartimento di Ingegneria
\
Meccanica ed Industriale. Via Branze, 38 - 25123 Brggeia - Italy

2 Istituto Nazionale di Fisica Nucleare. Via Bassi\@ ¥27100 Pavia - Italy
QO
E-mail: ileana.bodini@ing.unibs. it N
¢
¢
Abstract. Cosmic rays, mostly compog by high energy muons, hit continuously
the Earth surface {at sea level the ngc is about 10000 m~2 min—'). Various
technologies are adopted for t.hcirQSthection and are widespread in the field of
Particle and Nuclear Physics. ®his paper, cosmic ray muon detection technigues
are assessed for mcasurcmen&’\\applicm.ions in Engineering, where these methods
could be suitable for scvera&%plicmions, with specific reference to situations where
envircnmental conditions @iot( weakly-controlled and /or where the parts to be measured
are hardly accessible. S@ce cosmic ray showering phenomena show statistical nature,
the Monte Carlo t@niquc has been adopted to numerically simulate a particular
Y
application, whqr&@ set of muon detectors are emploved for alignment measurements
. . \ . M .
on an industrig) press. An analysis has been performed to estimate the expected
measureme_l@nccrtainty and system resolution, which result to be strongly dependent
N ¥ W
on the difgyhsions and geometry of the set-up, on the presence of materials interposed

betweer\letectors and ultimately, on the elapsed time available for the data taking.

7
¥/
7/
'/ Keywords: Cosmic ray muons, multiple scattering, mechanical alignment monitoring,
'. .-‘:’7’1‘} y : : s
Ly Monte Carlo simulations, elementary particle detectors. position measurements.
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Sasic principle
/

upper muon detector r |
-

middle muon detector

S
Pint

Y

L
>

lower muon detector !/ \

/
/
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BaS|C pﬂmc‘p‘@ Statistical variables

/ {Ax = Xine — X, position of the middle detector
upper muon detector ry Az =z — Z, with respect to the other two

and their distributions
-

middle muon detector

Ve E A D
Pint
Y
Lo

Z

>

lower muon detector !/ \

/
/
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position of the middle detector

Muons: civil applications
Sasic principle
| {A.’X‘ = Xine — Xy
r Z=Z, — Z, with respect to the other two
and their distributions
Distribuzione della variabile statistica Ax Distribuzione della variabile statistica Az
hDx 2oF hDz

Entries 21633

upper muon detector

F00
g -
00
20005_ Mean -0.08448 i
- RMS  0.8917 2000-

middle muon detector

=
Pint
Y
I Ax
X
Z
The “mean” of the distribution gives the relative position of
pinf> the middle detector with respect to the other two. Once
“measured” this position at a given time defined as t = 0
[through a calibration campaign] it is the possible to monitor it
as a function of time to detect relative displacements

lower muon detector !/
|

[
Bormio - 29 January 2015
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Sasic principle

Statistical variables

germano bonomi

position of the middle detector
with respect to the other two

| AX = Xijpe — X,
upper muon detector r | Z=Zipe — Zyp
and their distributions
<Psup Distribuzione della variabile statistica Ax
%00:_ hDX
23200:_ Entries 21633
20005_ Mean -0.08448
1800%— RMS  0.8917
middle muon detector 1600 F-
14005—
12005—
10005—
7 800
Az - ( % PD 600F-
Pint 400 |-
2005—
y
AXx

>

lower muon detector !/ \

/
/

evgnti
o
o

2000

1500

1000

500

Distribuzione della variabile statistica Az

hDz

Entries 21633

Mean 0.005313

RMS 0.9044

The “mean” of the distribution gives the relative position of

the middle detector with respect to the other two. Once
“measured” this position at a given time defined as t = 0
[through a calibration campaign] it is the possible to monitor it
as a function of time to detect relative displacements

The effects that “widen” the distributions [and make the measurements less accurate] are:

> physical effects [interaction of muons with matter]
> detector spatial uncertainty
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W Simulation of a specific case
MONSTEXFECO p(OJ(Cf(2OI3-—IS>

MONitoraggio di STrutture Edili mediante Raggi Cosmici
A project financed by the Dipartimento di Ingegneria Meccanica e Industriale, Universita di Brescia

A. Donzella!, A. Zenoni', G. Baronio®, |. Bodini®,
G. Bonomi', D. Cambiaghi', M. Lancini, M.
Subieta’,D. Vetturi!, V. Villa', C. Riccardi?,

P. Vitulo?, G. Zumerle®

' Dipartimento di Ingegneria Meccanica e Industriale,
University of Brescia

2 Dipartimento di Fisica, University of Pavia

8 Dipartimento di Fisica e Astronomia, University of Padova

Project objectives

Study the feasibility of using
comics rays to monitor the
stabllity of historical buildings (and

InN general of vertical structures
such as towers, pillars, etc. etc.)
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W Basic idea of the project "MONS TER&CO”

the simulation contains: a muon generator, the geometry and the materials of the detectors and
also the relevant structure of the building (such as the 15 cm wood roof)
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W Basic idea of the project "MONS TER&CO”
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W Basic idea of the project "MONS TER&CO”
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B Simulation of the "seasonal displacement”
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a more refined statistical analysis (a function to fit the data instead of
using the mean of the distribution) can improve the resolution, if required
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SUlding a aemonstrator detector system

Features required for a muon detector

v stability, robustness and long life

v simplicity of usage (no HV, no gas)

¥ low construction cost, low operating cost
v compactness and stand-alone capability
v reasonable spatial resolution

v use of standard techniques
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2 Bulding a demonstrator detector system

Features required for a muon detector Scintillating fibers 3mm x 3 mm

v stability, robustness and long life

v simplicity of usage (no HV, no gas)

¥ low construction cost, low operating cost
v compactness and stand-alone capability
v reasonable spatial resolution

v use of standard techniques

Silicon Photomultipliers SiPM
MPPC 3mm x 3mm
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SUlding a aemonstrator detector system

>
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B Conclusions

. as in many other fields of physics, the progress in research can generate
applications for everyday life ...
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. the technology of nuclear and particle detectors, that has been used
for decades in physics research, is now mature for civil applications
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applications for everyday life ...

. the technology of nuclear and particle detectors, that has been used
for decades in physics research, is now mature for civil applications

specifically detectors for the muons, after a pioneering era
(Alvarez and the pyramids), are now used in various applications
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B Conclusions

. as in many other fields of physics, the progress in research can generate
applications for everyday life ...

the technology of nuclear and particle detectors, that has been used
for decades in physics research, is now mature for civil applications

specifically detectors for the muons, after a pioneering era
(Alvarez and the pyramids), are now used in various applications

both “transmission” and “scattering” effects of muons when crossing

materials are used in various applications
(inspections of large volumes such as volcanos and blast furnaces, geological inspections,
monitoring of nuclear waste, detection of “hidden” nuclear materials, monitoring of stability, etc. etc.)
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the technology of nuclear and particle detectors, that has been used
for decades in physics research, is now mature for civil applications

specifically detectors for the muons, after a pioneering era
(Alvarez and the pyramids), are now used in various applications

both “transmission” and “scattering” effects of muons when crossing

materials are used in various applications
(inspections of large volumes such as volcanos and blast furnaces, geological inspections,
monitoring of nuclear waste, detection of “hidden” nuclear materials, monitoring of stability, etc. etc.)

many applications are promising, one (Decision Sciences) seems not far
away from being a “commercial product”, others have demonstrated to
work, others are in a demonstration stage ... let’s wait few more years ...

b53th International Winter Meeting on Nuclear Physics Bormio - 29 January 2015



Muons: civil applications germano bonomi

B Conclusions

. as in many other fields of physics, the progress in research can generate
applications for everyday life ...

. the technology of nuclear and particle detectors, that has been used
for decades in physics research, is now mature for civil applications

specifically detectors for the muons, after a pioneering era
(Alvarez and the pyramids), are now used in various applications

both “transmission” and “scattering” effects of muons when crossing

materials are used in various applications
(inspections of large volumes such as volcanos and blast furnaces, geological inspections,

monitoring of nuclear waste, detection of “hidden” nuclear materials, monitoring of stability, etc. etc.)

many applications are promising, one (Decision Sciences) seems not far
away from being a “commercial product”, others have demonstrated to
work, others are in a demonstration stage ... let’s wait few more years ...

[hank you Tor your attention
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The Mu-steal project: efficiency vs Talse alarms

Efficiency/Inefficiency:  How many trucks with a source shield will (not) trigger an alarm®? f;
False alarms: How many trucks without a source shield will trigger an alarm®?
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The Mu-steal project: efficiency vs Talse alarms

Efficiency/Inefficiency:  How many trucks with a source shield will (not) trigger an alarm®? ;?,1
False alarms: How many trucks without a source shield will trigger an alarm®?

Need a lot of statistics (simulations) [one sample = 1.200.000 crossing muons, equivalent to 5 minutes of data taking]
[100 simulated samples with a source shield] - [100 simulated samples without a source shield]
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The Mu-steal project: efficiency vs Talse alarms

o g ’ = oa, - g A gl —

Efficiency/Inefficiency:  How many trucks with a source shield will (not) trigger an alarm®? f;
False alarms: How many trucks without a source shield will trigger an alarm®?

Need a lot of statistics (simulations) [one sample = 1.200.000 crossing muons, equivalent to 5 minutes of data taking]
[100 simulated samples with a source shield] - [100 simulated samples without a source shield]

SWA curve [undetected ratio]: number of undetected source shield / total number of samples with a source shield
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Efficiency/Inefficiency:  How many trucks with a source shield will (not) trigger an alarm®? f;
False alarms: How many trucks without a source shield will trigger an alarm®?

Need a lot of statistics (simulations) [one sample = 1.200.000 crossing muons, equivalent to 5 minutes of data taking]
[100 simulated samples with a source shield] - [100 simulated samples without a source shield]

SWA curve [undetected ratio]: number of undetected source shield / total number of samples with a source shield
AWS curve [false alarms ratio]: number of “detected” source shield / total number of samples without a source shield
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The Mu-steal project: efficiency vs Talse alarms

o g ’ = oa, - g A gl —

nefficiency: How many trucks with a source shield will (not) trigger an alarm?? ;?,1
How many trucks without a source shield will trigger an alarm?

} Efficiency/|
False alarms:

Need a lot of statistics (simulations) [one sample = 1.200.000 crossing muons, equivalent to 5 minutes of data taking]
[100 simulated samples with a source shield] - [100 simulated samples without a source shield]

SWA curve [undetected ratio]: number of undetected source shield / total number of samples with a source shield

AWS curve [false alarms ratio]: number of “detected” source shield / total number of samples without a source shield

1,2
AWS/SWA curve

0,8
false alarms

0,6

ratio

undetected

0,4

0,2

-

0 10 20 30 40 50 60
threshold (a.u.)
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The Mu-steal project: efficiency vs Talse alarms

- i

! Efficiency/Inefficiency:  How many trucks with a source shield will (not) trigger an alarm? |
False alarms:  How many trucks without a source shield will trigger an alarm?

Need a lot of statistics (simulations) [one sample = 1.200.000 crossing muons, equivalent to 5 minutes of data taking]
[100 simulated samples with a source shield] - [100 simulated samples without a source shield]

SWA curve [undetected ratio]: number of undetected source shield / total number of samples with a source shield
AWS curve [false alarms ratio]: number of “detected” source shield / total number of samples without a source shield
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AWS/SWA curve
1

0,8 [f/i
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false alarms

.g when both curves are zero
@© . _
= it means 100% efficiency
undetected
0,4 and 0% false alarms
0,2
0
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threshold (a.u.)
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The Mu-steal project: efficiency vs Talse alarms

AWS/SWA curve

ratio (%)

~ 2min missed
~ ~ 2min false positives
~ 4min missed
= = 4min false positives
— 6min missed
= = 6min false positives

- s e E—y eEs) Ny S O ER R R S R R S R R S S R R S S S B S S .

threshold (a.u.)

5 liters source shield (17x17x17 cm?) is detected in 4 minutes with 100% efficiency and 0% false alarms
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The Mu-steal project: efficiency vs Talse alarms

AWS/SWA curve
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The Mu-steal project: efficiency vs Talse alarms

AWS/SWA curve
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The Mu-steal project: efficiency vs Talse alarms
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2 The problem of the Brescia "Palazzo della Loggia”

Construction of the
actual roof, 1914

#'Brescia, Palazzo della Logg

servazione ed il recupero dei

Details of a joint

ivile, University of Brescia
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2 The monitoring campaign of the "Palazzo” (1990-20071)
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[he monitoring campaign of the "FPalazzo” (1990-2001)

1) Sensors consisted in a couple of
=4 A wires of invar (nickel-iron alloy) and
B3 3 steel to compensate for thermic
B, A2 variations
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2 The monitoring campaign of the "Palazzo” (1990-20071)

Sensors consisted in a couple of
wires of invar (nickel-iron alloy) and
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The problem of hidden (orphan) radioactive sources

Reported accidental meltings of radioactive sources
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1982 1985 1988 1991 1994 1
Year
Accidental Meltings of Radioactive Materialsin the USA
Year Metal Location Isotope
multiple gold multiple Fb-210,B-210
Fo-210
1983 steel Auburn Seel,NY Co-60
1983 gold unknown, NY Am-241
1984 steel U.S Pipe & Foundry, AL Cs-137
1985 steel Tamco, CA Cs-137
1987 steel Horida Seel, AL Cs-137
1987 aluminum United Technology, IN Ra-226
1988 lead ALOO Pacific, CA Cs-137
1988 copper Warrington,MO accelerator
1989 steel Bayou Seel,LA Cs-137
1989 steel Cytemp.PA Th
1990 steel NUCORSeel, UT Cs-137
1991 aluminum Alcan Recycling, TN Th
1992 steel Newport Seel,KY Cs137
1992 aluminum Reynolds, VA Ra-226
1992 steel Border Seel, TX Cs-137
1992 steel Keystone Wire,|IL Cs-137
1993 steel Auburn Seel. NY Cs-137
1993 steel Newport Seel, KY Cs-137
1993 steel Chaparral Seel, TX Cs-137
1993 zinc Southern Zinc, GA depleted U
1993 steel Forida Seel, AL Cs-137
1994 steel Austeel Lemont, IL Cs-137
1994 steel USPFipe & Foundry, CA Cs-137
1996 auminum Bluegrass Recycling, KY Th-232
1997 auminum White Salvage Co., TN Am-241
1997 deel WCI,OH Co-60
1997 steel Kentucky Bectric, KY Cs-137
1997 steel Brmingham Seel, AL CS137/Am-241
1997 steel Bethlehem Seel, IN Co-60
1998 aluminum Southern Aluminum, AL Th

unknown

Note: Table is compiled from database maintained by James Yusko, CHR, Pennsylvania Dept. of
Environmental Protection, 400 Waterfront Drive, Fittsburgh, PA, 15222-4745, USA.
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Muons: civil applications

The problem of hidden (orphan) radioactive sources
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Number of events
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Reported accidental meltings of radioactive sources

~ M0

1982 1985 1988 1991

1994 1997 2000 2003 2006

Year

Accidental Meltings of Radioactive Materialsin the USA

Year
multiple

1983
1983
1984
1985
1987
1987
1988
1988
1989
1989
1990
1991
1992
1992
1992
1992
1993
1993
1993
1993
1993
1994
1994
1996
1997
1997
1997
1997
1997
1998

Metal
gold

steel

gold

steel

steel

steel
aluminum
lead
copper
steel

steel

steel
aluminum
steel
aluminum
steel

steel

steel

steel

steel

zinc

steel

steel

steel
aluminum
aluminum
dleel

steel

steel

steel
aluminum

Location
multiple

Auburn Seel, NY
unknown, NY

U.S Pipe & Foundry, AL

Tamco, CA
Horida Seel, L

United Technology, IN

ALOO Pecific, CA
Warrington,MO
Bayou Seel,LA
Oytemp.PA
NUCORSeel, UT
Alcan Recycling, TN
Newport Seel,KY
Reynolds,VA
Border Seel, TX
Keystone Wire,|IL
Auburn Seel. NY
Newport Seel, KY
Chaparral Seel, TX
Southern Zinc, GA
Rorida Seel, AL
Austeel Lemont, IL

USPFipe & Foundry, CA
Bluegrass Recycling, KY
White Salvage Co., TN

WCI,0H

Kentucky Bectric, KY
Brmingham Seel, AL

Bethlehem Seel, IN

Isotope

Pb-210,B-210
Fo-210
Co-60
Am-241
Cs-137
Cs-137
Cs137
Ra-226
Cs137
accelerator
Cs137

Th

Cs137

Th

Cs-137
Ra-226
Cs137
Cs137
Cs137
Cs137
Cs-137
depleted U
Cs-137
Cs137
Cs-137
Th-232
Am-241
Co-60
Cs137
CS137/Am-241
Co-60

Southern Aluminum, AL Th

unknown

930
unknown
0.37-19
56

0.93

0.74
0.74-0.93
unknown
19
unknown
unknown
unknown
12
unknown
46-74
unknown
37

74
unknown
unknown
unknown
0.074
unknown
unknown
unknown

09(9
13

unknown

Note: Table is compiled from database maintained by James Yusko, CHR, Pennsylvania Dept. of
Environmental Protection, 400 Waterfront Drive, Rttsburgh, PA, 15222-4745, USA.
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germano bonomi

FHuge environmental
economical impact

- huge costs for the company
disposal of contaminated materials
decontamination of environment

decontamination of products
decontamination of production lines
few weeks of production stand-by
lost of orders

etc. etc.

... many millions (be it in € orin $)
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Muons: civil applications

The problem of hidden (orphan) radioactive sources

Reported accidental meltings of radioactive sources

1994 1997 2000 2003 2006
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1982 1985 1988 1991
Year
Accidental Meltings of Radioactive Materialsin the USA
Year Metal Location Isotope
multiple gold multiple Pb-210,Bi-210
Fo-210
1983 steel Auburn Seel, NY Co-60
1983 gold unknown, NY Am-241
1984 steel U.S Pipe & Foundry, AL Cs137
1985 steel Tamco, CA Cs-137
1987 steel Horida Steel, A Cs137
1987 aluminum United Technology, IN Ra-226
1988 lead ALOO Pecific, CA Cs137
1988 copper Warrington,MO accelerator
1989 steel Bayou Seel,LA Cs137
1989 steel Cytemp.PA Th
1990 steel NUCORSeel, UT Cs137
1991 aluminum Alcan Recycling, TN Th
1992 steel Newport Seel,KY Cs137
1992 aluminum Reynolds, VA Ra-226
1992 steel Border Seel, TX Cs137
1992 steel Keystone Wire,|IL Cs-137
1993 steel Auburn Seel. NY Cs137
1993 steel Newport Seel, KY Cs-137
1993 steel Chaparral Seel, TX Cs-137
1993 zinc Southern Zinc, GA depleted U
1993 steel Forida Seel, AL Cs-137
1994 steel Austeel Lemont, IL Cs137
1994 steel USPFipe & Foundry, CA Cs-137
1996 auminum Bluegrass Recycling, KY Th-232
1997 auminum White Salvage Co., TN Am-241
1997 deel WCI,OH Co-60
1997 steel Kentucky Bectric, KY Cs-137
1997 steel Brmingham Seel, AL CS-137/Am-241
1997 steel Bethlehem Seel, IN Co-60
1998 aluminum Southern Aluminum, AL Th

02
unknown

Note: Table is compiled from database maintained by James Yusko, CHR, Pennsylvania Dept. of
Environmental Protection, 400 Waterfront Drive, Rttsburgh, PA, 15222-4745, USA.
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ple of two shielded

In  Unknown

Meltings by radioactive element
(mostly Co-60, Cs-157)

= 3

sources

- huge costs for the company

germano bonomi

Meltings by metal (80% steel)

Huge environmental and
economical impact

production lines, materials, etc. etc.

disposal of contaminated materials
decontamination of environment
decontamination of products

decontamination of production lines

few weeks of production stand-by
lost of orders

etc. etc.

... many millions (be it in € orin $)
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