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Muon detection as geophysical prospecting method:
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Abstract - In 1995 a joint INFN — OGS experiment name@A successfully
applied the muon detection method to geophysical prospecting. Taking into account
the results of this experiment, we model the possible applications and limits of this
method in a real case constituted by a schematic barite ore deposit embedded in a
sandstone matrix. A muon detector similar to that used in the 1995 experiment was
simulated at the bottom of the ore (100 m depth) and the received muon flux
modeled. The expected muon flux was spread according to a Poisson distribution in
order to simulate a real measurement. The simulated acquisition provided the input
data for the solution of the inverse problem. The target of the modelling was to
reconstruct the density distribution of the rock volume as seen by the muon
detector in its surroundings. This enables us to outline capabilities and limits of
such a method in imaging the barite ore and at the same time its geophysical
prospecting potential. Modelling results indicate that the method can be positively
addressed to a real case.

1. Introduction

The shower of cosmic rays that continuously impinges the Earth’s surface presents a wide
spectrum of energy; among all the types of particles associated with this event, muons are the
most penetrating ones. The muon flux penetrates the Earth’s surface and is reduced
proportionally to the quantity of mass crossed. Underground measurement of the muon flux
provides, therefore, excellent information on the mass that muons penetrate, starting from the
instant in which they meet the Earth’s surface, up to the moment they are detected. The use of
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undeground muon flux measurement in geophysics has already been outlined by a previous
experiment conducted by some of the authors in 1988.joint INFN (Istituto Nazionale di
Fisica Nucleare) — OGS (Istituto Nazionale di Oceanografia e di Geofisica Sperimentale)
experiment name@GA, successfully demonstrated the application of the muon detection
method in the morphological reconstruction of an ugdmimd cavity (Cdau et al., 1996).
Taking into account the results of th&A experiment, we investigate in this paper the possible
exploitation of this methodology in mining geophysics by modelling a muon flux crossing a
barite ore deposit of cylindrical shape, included in a sandstone miiisis a really simple
geometrical assumption for an ore but nevertheless accurate enough to investigate the method
capabilities and limitsA muon detector has been simulated at the bottom of the ore (100 m
depth) and the muon flux modellethe simulated acquisition provided the input data for the
solution of the inverse problem Poisson error distribution has been applied in order to
simulate the error distribution of a real measureniEm. modelled data were then inverted to
achieve an image of the undesund mass distribution simulating the real acquisition This
enables us to demonstrate the applicability of such a method in the field of geophysical
prospecting and, at the same time, to image the barite ore.

2.The muon tracking apparatus

We simulated the muon tracking apparatus AVdieriving the characteristics from the real
device used in 1995 during theSA experiment.The MTA is composed of four parallel
scintillating planes constituted by series of glass chambers filled with a migaf-eobutane-
freon gas (Cdéu et al., 1996)A chaged particle, crossing the gas contained in every single
chamber ionizes the gas and determines a local digehdetectable as an electric signal. By
reconstructing the track of the signal along the detector planes, it is possible to compute direction
(zenit @) and azimuth{) angles) for every single eveiiihe number of events is related to the
detector surface, to the acquisition time and depends inversely on the quantity of mass crossed
by muonsThe MTA we modeled is made of four counter planes, placed on top of each other at a
distance of 0.20 m. Each plane has a surface df (Fign 1) and is constituted by an orthogonal
grid of 100 plastic scintillator rods. Every rod has a surface of QL0 nf; for each plane an
efficiency of about 0.9 has been assumed. From thggmeleased by the particles, atfelient
position in each of the four planes (or al least three of them), the direction of each incoming
muon is reconstructed. Because of the granularity of the detdaaresolution depends on the
zenith 6, and azimuthg, angles of the incoming muonghe resolution in the two angular
directionsf and¢ (on the XZ and¥Z planes) have the following expressions:

S 1
56= (arctanl—) : (m (1)

_ S 1
o= (arctanl—) (tan 5 2
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Fig. 1 - Detector scheme. Four 1*rmounter planes are placed on top of each offech plane is formed by 100
plastic scintillator rods (each with surface 02nf). On each plane, the rods are placed in two layers, orthogonal to
each otherin such a way as to create a Cartesian reference system.

wherel is the distance between the top and the bottom planes iarttie width of each rod.
The two functions, fot =0.60 m ands=0.02 m, are shown in Figs. 2 andThe zenith
resolution is a decreasing function, always smaller thath2 azimuth resolution is a function

of 6 and diveges for6 — 0; however for§ > 20° d¢ < 5°. Therefore, we considered solid angle
bins of acceptance with a dimensionAd®0 = sinf - AQ - A¢ = sing - 2° - 5°. With this bin size,

the resolution irf is always smaller than the bin size, and the resolutighisncomparable or
smaller than the bin size itself, at least &¥ 20°. The bin dimension controls not only the
resolution but also the acquisition tinTehis, because in order to have robust statistics we need
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Fig. 2 - Zenith resolution function of the detectdihis is a decreasing function éf Muons impinging on the
detector with smalb angle have the greatest resolution, but anyway smaller than 2
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Fig. 3 - Azimuth resolution function of the detectdiis is a decreasing function 6f This function is not defined
for 6= 0 and diveges a¥d approaches zero.

to count a sufcient number of events in each bPractically to maintain the acquisition
statistics at a reliable level without considering exaggerated acquisition time (order of months)
we have to find a compromise in setting all these variables.acceptance of the detector is
function of the direction of the incoming muon flux (zenith and azimuth angle), the average
efficiency of the detectorand, the distance between the planes of the detector as described by
the following expressions:

AOB pe¢el)= [2 (I —I§ tanecosqo) cose(l - I§ tanesinqo) 2 +
2l 2l . e
+ [2 (I— T tanecosqo) COS(p(l -3 tan@sin qo)] o E 3)

3. Muon flux expectation

The muon diferential flux undeground can be theoretically evaluated using the following
distribution function (Gaissef990) as:

EqeX d3

No e, @)

EBﬂn d E()th

&N, _
dQdt I

E{'® is the maximum muon engy, theoretically infinity that we set at 100TeV in the
simulation.Eg" is the minimum engyy that a muon must have to reach the detector crossing the
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lithosphere Ej™ is function of the linear density crossed by the muon which is function of the
depth crossed by the musgpand of the density of the layer crosgedr =s- p, (so thatlr] =
gcmi?). The minimum engyy in every direction depends on the morphology of the area above
the detector site and on the density distribution of the crossed material:

%“:E&Wa-g (5)

e=a - & is the critical engy, which is particle - and medium - dependent, for muons in rock
£=500 GeV(Gaisser 1990); when the muon eiggris greater thas, discrete processes (pair
production, bremsstrahlung, nuclear interaction) are dominant, on the cowtnary the muon
enegy is smaller tham continuum processes (ionization, Cerenkov) are dominant:

E. (Ebremstrallung Epalr+ + Ehadronl()_ =25 101 gm—2 in rocks (Gaisseﬂ-ggo)'

We derived the value of the mass crossed by muons as a function of the azimuti,angle,
and the zenith anglé, from a model of the mine of barite. For the muorfedéntial intensity
dN/dE, in Eq. (4) (Day 1983) suggests:

o N,

T gM™ BM a MS, (E) [Km (E;) —KM (BMEy)], (6)
i

which is in good agreement with experimental data for values of linear density relevant to our
simulation.The meaning of the symbols in Eq. (6) can been fountables 1 and 2The
integral in Eq. (4) may be computed numerically and the muon flux under a rock layer measured
for our detector site can be computed as follows:

EN, [ N o1 0 @)
dQdt | Jep dE;dCt &

whereA(Q, ¢) is the acceptance Eq. (3) ani$ the eficiency of the detectoiSo the theoretical
muon flux value in each solid angle elemas (8, ¢,) is:

Table 1- Useful formulas.

— [\ VE probability t reaches
Su(E) = (ﬁ') ' sea level before decay
E=E+ % (A= Ap) average engy in atmospherg

approximate born engy

=E+a(Ar—-A .
Eo a (e = o) for muons at zenith angle

_ 1,09

= mchy
Ku (E) DL
" p+(+HmE
_ Ty cosf
_mychy
M = rpion component M = K kaon component

W
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Table 2- Physical quantities

Ao 1209
1030 —2 )
A h h
E o M atmospheric dept
B, 1 branching ratio in pion
By 0.635 branching ratio in kaon
e,
a 2.34 ——
" (i — )
2
my
ay 1.05 —
(mE—m)
2
my
Br 1.74 mc
m,
B 21.7 %
'
a 2.06 MeVcent/g enegy losseg 5
hy 6.3km scale parameter of the upper atmosphere
m, 106 Me2V muon mass
C
7, 2.2x10°% muon life time
m; 140 M:ZV pion mass
T, 2.6x10°% pion life time
my 494 Me2V kaon mass
c
T 1.24x 10 kaon life time
g A,= 160 gcm® attenuation for pion
g Ay = 180 gcm® attenuation for kaon

with At (s) is the measurement times 1,....35 @ bin width is 2), j=1,...,72 ¢ bin width is

Emax 3
G N,

N, (8, ¢) = AAQ (8, ¢) A(Q(8, ¢). ¢) “ 45“50]

5°). We simulate the detection of muons with a zenith angle not greater than 70

4. Geological model

We designed the mine model as a simple ore, constituted by a cylindrical deposit (see Fig. 4).
Even though the shape of the ore is a really simple one, it mimics barite bodies as those located
in Ballynoe at Silvermines (Ireland) (Larter et al., 1981), or at Meggen and Rammgelsber
(Germany) mines (Clark et al., 199The barite deposit density we adopted is 3200kgand
the ore is inserted within a limestone clastic deposit for which we adopted a density of 2700
kg-m?>. We assumed that our ore model is a satellite deposit of a mine which shafts and levels
allows to install a muon detector at the depth of 100 metersgindad and in direct sight of
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the deposits (see Fig. A)le simulated an acquisition run of the detedd@rdays long. From an
economical point of viewwe need to highlight that the acquisition procedure is an automatic
process which requires only the power supply of the device and very reduced manned controls.

5. Muon simulation run

Keeping in mind that the method is sensitive to the variation in the mass crossed by the
muons to reach the detectare compared the theoretical expected muon flux in cases where the
baryte ore is or is not present. Fig. 5 shows the expected muon flux with and without the barite
as a function of the azimuth angi,for several bins in the zenith angle;’ 200 < 40°. As can
be seen, there is a disagreement in the two muon flux distributions caused by the presence of the
barite that reduces the number of detectable events. In fact, muons impinging on the detector
with an azimuth angle in the range of 8<% < 92.5°, cross the barite ore, and this implies
that the linear density up to the detector is, for equal depth, greater than in case when muons do
not cross the bariteThe comparison of muon flux as function of zenith angi&sas no
interest, because for few values¢of 87.5 < ¢ <92.5) the detected muons actually cross the
barite, whereas for most values gfthey do not, so that the tifence is not appreciable.
fact, the diference in linear density with or without the barite ore is very small dactakach
6 bin in more or less the same wilye adopted a Poisson noise to model a real acquisttien.

30° »
S Zenith Y
Ny

N;\«\‘) ¥

TERRAIN SURFAC/

BARYTE
ORE
3200 kg/m?®

LIMESTONE
MATRIX
2700 kg/m?®

UNDERGROUND N
MUON DETECTOR

Fig. 4 - Sketch of the test sit&he detector is located below the rectangle that indicates the terrain stifacane
shows the region from which muons impinging on the scintillator are det@ttednclined grey cylinder represents
the barite one.
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Fig. 5 - Muon flux versus azimuth for 20< theta < 40. Stars represent the muon flux at the selected theta as a
function of azimuth angle without the barite ofbe crosses represent the same muon flux in presence of the barite
ore. Only in correspondence to the azimuth angle along the direct sight of the barite ore are the twoféiers dif

noise was added to the flux, as given by Eq. (7). Fig. 6 shows the normalisezhdié between

the expected muon fluxes with and without the barite Tne.diference is reported bin by bin,
versus the horizontal distance from the detectsing a polar stereographic projection centered

on the detectoilhe signature of the barite can be seen in the plot as a triangle-shaped anomaly
The great diierence with a circular distribution, in the vicinity of the detector zenith, is an
artifact due to the coarse resolution in azimuth for angles near the vertical of the détector
compute the expected barite thickness plotted versus the horizontal distance from the detector
without taking into account the Poisson error as shown in Figh&.thickness has been
computed using the dé@rence between the expected linear density with and without the barite
cylinder. The difference has then been divided by 3.2 which represents the density of the barite.
The plot clearly shows the barite distribution and thickness. Fig. 8 shows the barite thickness, as
reconstructed by the muon detec¢toonsidering the Poisson errdihe thickness has been
computed by subtraction of the reconstructed linear denagtyderived from simulated
measured flux (Poisson error), with barite and the linear density without the Baigeplot
represents the barite signature as seen by the detector after an acquisition run of 60 days.
Discrepancies between this result and the “theoretical” one, as shown in Fig. 7, is mainly due to
the azimuth resolution and the Poisson error whitdctf a real measuremeiihe shape of the

barite cylinder can be spotted and its thickness can be outlined with a resolution higher than 2
meters.The reconstructed barite thickness shapfesifrom a strong distortion because of the
projection adopted/NVe suppose that a more accurate density distribution reconstruction can be
achieved using tomographic techniquil.the acquisition runs we simulated were in the last

60 days (1440 hours)his time represents a good compromise between operative timing and
resolution.
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Fig. 6 - Normalized diference between simulated muon fluxes with baryte and without b@ihgepresence of the
baryte can be identified by the dgr triangular shaped anomaly located along the positive X semifdrdsarea
located at the proximity of the axis origin, the detector vertical, is stronfggtall by the coars@ resolution

function.
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Fig. 7 - Expected baryte thickness versus the horizontal distance from the detector computed taking into account the
Poisson error functiol.he plot shows the barite distribution and thickness.
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Fig. 8 - Baryte thickness as reconstructed by the muon detector after removal of artifacts and after application of a
spatial filtering.The shape of the baryte cylinder can be outlined with an resolution higher than 2 meters.

6. Discussion

The choice of the acquisition time is a compromise between obtainingeasiatistic, so
that the signal to noise ratio allows an unambiguous detection of a barite ore, and keeping the
operating costs lowl'he cost of operating the detector is mainly due to the immobilization of
the device and the power supply; with this concept in veEwacquisition time as long as
several weeks is feasibl€he choice of the binning and, consequeritig resolution, is related
to the acquisition timeWe fixed it asAQ60=sin@ - 2° - 5° in this way we fully exploit the
detector resolution. Great&¥Q means smaller acquisition time, but also smaller resolution.
SmallerAQ means over sampling and is not convenient in this context. Usingea tatectqr
the acquisition time can be smaller to obtain the same stafiecoptimal range of operation
of the detector is 20< 8<50°. For a smallef the resolution inp is quite lage A¢ >5°), so
that we cannot distinguish between directions which are too close; for a grdaanuon flux
is reduced and, consequentlye statisticsThese considerations suggest a possible strategy of
acquisition. Starting with an acquisition for a relatively short time and then, if an anomaly is
found in the range of 2x 6 < 50°, continue with the acquisition in order to improve statistics.
If the anomaly is located outside this rangedjit is preferable either to move the detector in
such a way that the anomaly falls in the range<8< 50° or, if the anomaly is folf > 50°,
differentially displace the single planes of the detector to improve the geometrical acceptance
(effective area) in that direction.
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7.Conclusions

The results of the simulation described in this papeticate that muon detection can
represent an innovative and realistic geophysical prospecting method fogronder density
imaging.The results of this modeling indicate that even though some aspects of the acquisition
system still have to be improved, especially in the detector resolution and dimension, at the
present state-of-the-art a “field” application could be feasiblee method can be used to
identify taigets characterised by relatively high density contrast with respect to the matrix, as
massive ore bodies or cavitiekhe location of the tgets is constrained by the possibility of
locating the detector beneath thegttrand in its direct sighThis geometrical limit can be
worked around using “bore hole designed detectors” for which a development technology
already exists.

References

Dar A.; 1983: Atmospheric NeutrinosAstrophysical Neutins, and Poton--Decay Experiment®hysical Review
Letters pp 5, 227.

Caffau E., Coren Fand Giannini G.; 1998Jndeiground cosmic-ray measment for morphologicaleiconstuction
of the “Grotta Gigante” natural caveNuclear Instruments & Methods in Physics ReseARSE, 480-488.

Clark S.H.B., Gallagher M.J. and Pool&FE 1990:World baryte resouces: a eview of ecent poduction patterns
and genetic classificatioffrans. Instn. Min. Metall. (Sec. Bppl. Earth Sci.)99, B125-32.

GaissefT.K.; 1990:Cosmic Rays and Ptcle PhysicsCambridge University Press, Cambridge (UK), pp. 76-79.

Larter R.C.L., Boycé\.J. and Russell M.J.; 198Hydrothermal pyrite chimneysdm the Ballynoe bgte deposit,
Silvermines, CounyrTipperaty, Ireland.Mineral Depositdl 6, 487-96.

107



