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(L) is a light charged elementary p
pin % belonging to leptons.

y characteristics of muon and electron &
ilar, but the muon mass (106 MeV) is 2C
as more than the electron mass. Therefo
)n path length is thousands times longe

ectron. Muon lifetime is around 2.2




Muon penetration ability

Muons penetrate through the planet surface
with intensity 10 000 particles/(m?:min) and
therefore through everything situated upon
Earth.

Even at rather moderate energy 10 GeV muons
are able to pass not only complete Earth
atmosphere, but to penetrate deep into the
ground. Maximal depth, where highest energy
muons were detected, was about 8600 m of
water equivalent.



sraphy uses the same mair
ography: beam absorption (m

ng materials instead of human flesh)

device. Advantages of the method are

eness and employment of natural orig
radiation.
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Muon radiography in archaeology.

For the first time the idea of CR muon flux application for detection of
density fluctuations in the structure of archaeological objects was
arised about 40 years ago due to Luis Alvarez. This idea was employed
for sectret chamber search in Chephren pyramid.

Muon flux inside . |
pyramid was L S e
measured by . . Pl o .
streamer
chambers. More
than million events
were detected by
2 streamer
chambers with
area 1.8 m2 each.
Researchers
determined the
absence of secret
cavities in the
pyramid body.

B




e Luis Alvarez 1970 muon

Chephren
Pyramid

e ok }M O -
in the Belzoni Chamber under the pyramid.

Fig. 6 (left). The equipment in place
ig. 7 (right). The detection apparatus containing the spark chambers.
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smic-ray Photograph
Volcano (Showa-Shinzan)

space distribution




Profile of Asama mountine showing geometrical location of the measuring
detector. Data o muons from opposite flux were also used for confirmation of
detector efficiency and of muon flux isotropy.

The detector was fixed in underground cave to cancel the background from
other particles.
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Muon Detector o

aphycal image of volcanic crater under dome la
dome map and muon detector position.

0 appearance and the distribution of rock
(Elevation in m).



Industrial objects radiography.

Muon tomography method can be used also for inspection of the
conditions of huge industrial objects (bridges, dams, blast
furnaces and so on), when it is necessary to estimate technical
state or safety of such bodies (for example, crack appearance,
internal construction conditions, groundwater level and so on).

Radiography when manipulating with nuclear

materials.

Since muons are highly penetrating and sensitive to materials
with high Z (with large charge of atomic nucleus, in particular
nuclear materials), muon radiography began to develop as
effective method of detection of such inclusions in packed
cargo and loads.



Disposition of borehole and underground gas storage
as an example of muon radiography opportunity
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Cross-sectional view of
Reactor vessel and
installation position of
the detector
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Cosmic-ray Exposure required 7m?day

muon

cross section [INO damaged) o5t cross sec.dal
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results after exposition 7 m?-day (the reactor core is
distinguished and no big damage is seen).

Left — possible detector location while reactor tomography and
muon trajectories. Right — angular scan of muon tomography




Muon radiography for exploration of Mars
geology

Operational concept. Muons generated by interactions of
primary cosmic rays in the planet’s atmosphere (green spheres) pass
through a geologic object of interest, and are partially absorbed

by the object.

A passive muon detector composed of parallel scintillating plates
on a lander or a rover records the tracks of the muons. The
recorded tracks are analyzed on site to determine the direction
from which they entered the detector and the amount of energy
absorbed by the target.

The observations are distilled into a density image of the
geological target, much like an X-ray radiograph would, except
using muons as a passive source of radiation.



Passive, low-power, instrument images
the interior of geclogical objects
with minimal impact on primary mission
g maturally occuring cosmic rays as source

Passive, low power, detector carries on its
sciemce mission under all conditions
{Rowver in transit, nighttime, Martian winter)

Simple detector technology makes it suitable

B for implementation on multiple platforms
(Secondary instrument on a rover or Phoenix
glags lander]

Two concepts are presented:

(A) Muon radiography instru-
ment mounted as a secondary
instrument on a rover.

(B) The instrument is mounted
on a small Phoenix class lander
observing multiple targets
during the life of the mission.



ary target for muon radiography
olex terrain of collapse structures on the
Mons, Mars likely contains lava tubes and cav
ace. Muon radiography obtained from trough floo
be used to map the void space associated with partiall
collapsed lava tubes.




t of nuclear emulsions
for muon radiography.

1 high space and angular resolution track dete
pase of nuclear emulsions are very suitable for m
adiography due to their information capacity, eas

yrtation and rather simple operation under the co
nfavourable environment. Moreover emulsions d«
eed energy supply and electronic reader device




Experimental techniques

Mt. Asama
H.T.M. Tanaka and coll.
Telescope area ~1 m?

4nt
mrad

Radar shadow Radar shadow

Vertal Angle

EPS Lett. 263 (2007) 104

Resolution ~ 70 mrad -
NIM A507 (2003) 657

s 0 el
Horizontal Angle

NUCLEAR EMULSION PLASTIC SCINTILLATORS
Precise muon tracking Analysis in real-time
Resolution ~10 mrad (as scattering) Long exposures possible

Minimal infrastructure
No electric power
Usable in difficult locations
Unusable in warm season
Area limited by scanning power




radiography test-2C

ar emulsion detector met

P.N.Lebedev Physical Institute, RAS and D.V.Skok
Institute of Nuclear Physics, MSU):

Ision stacks were inserted within
y of steel metal column (around

of SINP MSU accelerator fra
outside




The weight of
column is abo




etal column of the accelerator frame




e of detector loc

emulsion
stacks




Prepared stacks of
emulsions and
aluminium plate
with fixed stacks




of emulsion sta

ich” emulsion — 3 single layer emt
5 + metal plate + 3 single layer emulsic

jI-OPERA emulsion — Changeable shet
metal plate + Changeable sheet stac
ers in total).

PERA emulsion — 4 emulsion




anoM/HeBbIe NACTHBI
TONLLHOA 5 MM

MaKkeT ¢ ABYMA NNACTVHAMA
AAEPHON IMYIBCA

QTHOM/HVEELIE TUTACTVHb|
TONLLYHOM 5 MM

" MAKET ¢ [IBYMA NNacT/HaM4
ANENHOZ MYV




rangement of
ulsion stacks into
metal column

u“:- i.




ons and expectec
of the test

Assumptions:
[(E>0.3 GeV)=7-10% cmseclsr
Ettective zenith angle range — 30°
Exposition duration — 49 days

Ilocal outside/ Ilocal underF




Microscopic stage in MSU with nuclear emulsion plate




calculation
experiment
experiment with

background
deduction

; ; . . . —
0O 50 100 150 200 250 300 350
¢, deg

uon angular distributions at various
gle 8 =21.6° in model calc
nts experi




TEST-2012 RESULTS
distribution of muon fluxes measure
seriment and calculated nonuniformit
huge solid absorber (column) agree ra
tory. That shows muon radiography ca

s necessary to take into account, that sc
dure corrections in experiment realiza
required.




adiography test — 2(

ar emulsion detector me

°.N.Lebedev Physical Institute, RAS and D.V.Sko
Institute of Nuclear Physics, MSU):

Ision stacks were placed neart
oe steel disks in the building
industrial plant in Moscow.




Two huge solid steel disks for tyre trial
in industrial factory
-; _I| I‘I \'
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ation of emulsion stacks in Test-




n this test-201
stacks were disposed hc
and
sion stacks were disposed with sl
some distance from massive object

Exposition will be continuing longer
than 4 months.

2 to elaborate procedures of
and extraction of the obj
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Differential energy spectra of muons:
a — for horizontal flux of muons, 6 — fc
« — MSU experimental data (1994),

o, X, o — results of other authors 1€
Solid line — calculation of muorn
generation, dashed line — ¢




MCNOJIb30BaHNA MIOOHHOM P&
vaauorpadumna basmpyeTtcsa Ha XopoLlo
8 MIOOHOB KOCMMUYECKUX Iy4en, Nnpmxoan
bIMM 3€HUTHbIMM YI/1aMW, 3 TaKXKe Ha pa3pat
oAenun NpoxoXXaeHna MIOOHOB Yepes BELLLECTBA
5TOM OCBOEHa MeToaMuKa paboTbl AETEKTOPOB MHOC

OHEPreTUYECKNN CNEKTP
MIOOHOB KOCMUYECKNX ITyYEN,
NpMXoAsLLKMX Nod pasHbIMU
yrramu.

OkcnepumeHT DEIS (Allkofer et
al., 1981) n mogenbHble
pacyeTbl 4nga 6onbwux yrros 0.
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Facilities of geological exploration

Measurement of CR intensity by detectors in a tunnel and
comparison of obtained data with conventional dependence
of CR absorption in water or in ground can give information
about ore layers and interstices or enable to determine
weight load upon ground from installations above.

Progress in muon radiography was enabled by progress in
measurement methods: introduction of electron stripped
detectors and ultraspeed scanning microscope for emulsion
handling.

Emulsion technique has advantage in cost, does not need
electric supply, and the application of fine-grained nano-
emulsion provides higher angular resolution.
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e Vesuvio muon telescope

Telescope location
What we aspect to see
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