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Abstract

Electrokinetics and its potential significance with regard to soil radon (**?Rn) mitigation is investigated.
Whereas the use of electrical fields for chemical soil decontamination, also known as electrokinetic remedia-
tion (ER), is a consolidate commercial technology, however, its potential use to tackle the radon-soil problem
has not yet been explored. One explanation behind is that traditional ER requires the use of electrolytic solu-
tions injected into the soil to form chemical species in an ionic state and then being affected by the electrical
potential. Radon is a chemically inert gas unable to form chemical species, and in any case, the continuous
injection of electrolytic solutions underneath houses is clearly not an option. Here, it will demonstrated that
the same radioactivity of the soil responsible for the generation of radon might also provide a key for its
removal. Utilizing a simplified physical model, it was shown that owing to radioactive background surround-
ing the pores of the soil through which radon travels toward the surface, they become the preferential centers
of ionization, and in fact, for very small pores (through which rocks and specially granite stones absorb and

diffuse gases), they are positively polarized.
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lectrokinetic remediation (ER) is the technique

used to remove chemical ions from soils. This tech-

nique, also known as electrokinetic soil processing
or electroreclamation, is a consolidate commercial tech-
nology, which has been used for soil decontamination
such as pesticides, mine tailings, or heavy metals. In ER, a
direct power source generates an underground electrical
potential, which makes that chemical ionic species migrate
beneath the soil surface to the electrodes either by electro-
phoresis or ionic migration (1).

On the other hand, radon (*?Rn), which is generated
from the radioactive decay of uranium contained in rocks
and soils, enters homes through crevices and cracks and
small pores and gaps in the floor, and nowadays represents
the most important cause of lung cancer after smoking (2).
Several approaches and strategies for radon mitigation
have been developed in the past decades, for example, ven-
tilating indoor concentrations, reducing radon entry, or
removing radon source (3). Among all the sources to
indoor radon level, it is acknowledged, since the early
research, that the direct infiltration of soil gas into the
house is by far the largest contribution to indoor levels (4).

The objective of this work was to analyze the possibil-
ity to use underground electric potentials to tackle the
radon-soil problem, which has neither explored nor

mentioned until now, as far as the author knows. It must
be pointed out that although ER has already been dis-
cussed with regard to nuclear waste-contaminated soils
and to soils contaminated for uranium or '¥’Cs (5-8), it is
based in traditional ER, i.e. requiring the formation of
chemical ionic species and in the use of complexing agents
to assist the extractability and solubility of the
radionuclides.

Although the electrokinetics for radon removal,discussed
in this work, keeps resemblance with traditional approach
for contaminated soils in the sense that both use external
underground electric potentials, there are similarity ends.
The electrokinetic removal technique investigated in this
work is based on an entirely new hypothesis, which may
properly be called the electrostatic pore hypothesis, in which
pores become preferential centers of ionization owing to the
radioactive background. This idea opens the possibility to
apply dry-ER, in which the formation of aqueous solutions
is not needed in clear contrast with the traditional approach.

Materials and methods
The electrostatic pore theory

To begin with, let us consider a homogeneous soil with
certain porosity and, for the sake of generality,
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a spherical pore with an effective radius R. Let us fix the
origin of coordinates at the center of the pore. The pore
is air-filled with certain fraction of atoms of radon,
which have been percolated from the surrounding. The
radioactivity of the soil, which is responsible for the
presence of radon in the soil as a by-product of the dis-
integrations, is also creating a background of ionizing
radiation. The problem that we want to solve is to know
what is the resulting distribution of electrons and ions
inside the porous.

To do this, we will proceed as follows: first, gas is mainly
absorbed in small pores with a diameter of <10 nm and
diffused in pores with diameters around 10-100 nm (9),
and then it seems allowable to use the Bragg—Gray cavity
theory (10), which relates the radiation dose inside the
cavity with the dose in the surrounding region. Within the
framework of this theory, the gamma rays pass through
the pore or cavity without colliding with any atom of gas
contained in it, and then the absorbed dose in the cavity is
deposited entirely by charged particles crossing it and the
deposited energy is directly related with the ionization
activity.

However, the Bragg—Gray cavity theory is insufficient
by itself for the purpose of our study. Indeed, Bragg—
Gray cavity theory is only concerned with the total
energy deposited inside the cavity, which can be reck-
oned by simple calculation of the ion-pair production
per unit of volume inside the cavity, and then it does not
take into account how many ions or electrons are being
destroyed inside the cavity by, say, recombination pro-
cess. Although ion-electron recombination could not be
important for the calculation of the dose inside the cav-
ity (the deposited energy remains inside the cavity), it
plays an important role in our study. In fact, for elec-
trokinetics removal, we are not concerned with the ion-
pair production inside the pore but with the total
ionization of the pore, i.e. the total number of free ions
and electrons, which can be affected by the electric
potential. Therefore, it is necessary to account recombi-
nation. To start with, we consider the recombination
equation for positive ions n, and electrons n, (11).

on,

Die _ 0 Bn 1
5 4 Bnn, (1)

where 7 is the concentration (number of particles per unit
volume), the subscripts i and e stand for positive ions and
electrons, respectively, ¢ is the time, ¢ is the ionization rate
(ion—electron pairs created per unit volume and per unit
time), and f3 is the recombination coefficient. At the steady
state, Eq. 1 becomes

q=Ppnn, (@)

It may be possible to derive an approximated relation-
ship between n, and n, by using the diffusion theory. Let us
consider Fig. 1, in which a pore with an effective radius R
is sketched. In this pore, primary or secondary electrons
coming from the surrounding radioactive environment are
generating ion—electron pairs inside. Some electrons gen-
erated inside the pore will remain inside the pore together
with the ions, and other electrons will manage to escape or
migrate away from the pore. Contrariwise, because ions
are much more heavier, its migration away from the pore
can be considered almost zero (in comparison with the
electronic migration), and if so, all the ions generated
inside the pore are trapped inside the pore. As a result,
there will be a buildup of positive charges inside the pore.
From the diffusion transport theory, the probability that a
certain particle does not escape from a certain region by
elastic scattering is estimated as (12)

2

p,=e" 3)

which is known as the non-leakage probability, where B is
the so-called buckling factor, which for a spherical region
with radius R is given by

B=" 4)

and M? is the migrational area, which can be approxi-
mated to the diffusion length path by (13)

M=} (5)

where / is the diffusion length in the gas.

O Neutral atom of gas - e —

(—B Ionized atom of gas
@ Electron _ _—

Fig. 1. Physical model for ionization and polarization of the
pore. Because the length path of electrons is much higher
than ions, then the electronic leakage is also higher, resulting
in the build up of positive charge inside the pore.
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Therefore, if after a certain number of ionizations
inside the pore an amount of ion—electron pairs are cre-
ated and only remains n, ions (with a negligible leakage
A, = 0), then the concentration of electrons inside the
porous could be approximately estimated as equal than
the number of ions n, multiplied by the electronic
non-leakage probability given by Eq. 3

n =ne "M (6)

and taking into account, Eqs.4 and 5 become

2
A2

n,=ne £ (7

by inserting Eq. 7 into Eq. 2, one obtains

2
A2

q=pBne ¥ 8)

For small pores within the Bragg—Gray cavity theory, the
ionization may be related with the soil-activity as (10)

a
= S 9
=K )

where a_is the specific soil-activity energy per unit volume,
W is the energy required to create an ion pair (= 33 eV for
air), and A is the ratio of the stoping power of the soil
and the gas.

Taking Egs. 9 and 8 into account, we obtain

n = 1|Ie%z%%Z (10)
and

n,=ye > ¥ (1D
where

aS
l|f=,/ﬁWA (12)

It is convenient to define a degree of ionization of
the pore by reckoning the total number of ions divided by
the total number of particles per unit of volume inside the
pore n,

=" (13)
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where the number of total particles n, of the gas is esti-
mated by the relation of ideal gases

_ PN,
? RT

n

(14)

where N | is the Avogadro’s number, p and T are the pres-
sure and temperature inside the pore, respectively, and
R, is the gas constant. On the other hand, the length
path of electrons can be estimated from the kinetic the-
ory (14)

PR (15)

< pm;

where K, is the Boltzmann’s constant and r, is the radius
of the atoms of the gas.

Electrokinetics for soil radon removal
In the preceeding section, an expression was derived for
the degree of ionization of the gas inside a small pore,
where recombination and leakage of electrons were both
considered. In this section, some rough study is addressed
to know how radon can be removed by the application of
an electric potential in the ionized pore.

First of all, the concentration of radon inside the pore is
a tiny fraction in comparison with the atoms of air as pre-
viously stated, and the cross-section of ionization of radon
is very small and direct ionization of radon inside the pore
can be neglected. This assumption means that the atoms of
radon are neutral and then unaffected by the electric field
and cannot be directly removed by Lorentz force acting on
them, an assumption that is clearly a conservative one.

Therefore, radon removal will proceed indirectly by the
momentum exchange from the accelerated ions of air col-
liding against the neutral atoms of radon, which can be
regarded as target atoms at rest. A similar process is actu-
ally the driven mechanism in traditional electrokinetic soil
remediation, which is called electromigration. However,
as easy to see, there are substantial qualitative and quan-
titative differences. On the one hand, in traditional elec-
tromigration for decontamination of soils, the transport
of species is mostly due to the momentum transfer
between the current of electrons, which are moving toward
the anode and then the species are also preferentially
migrate toward the anode (electromigration), whereas, in
our case, it is opposite, i.e. the atoms of radon are prefer-
ential moved by the momentum transfer from the stream
of heavy ions of air moving toward the cathode and then
the atoms of radon preferentially migrate toward the
cathode. On the other hand, mobility in gases is by about
four orders of magnitude higher than ion mobility in
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Fig. 2. Radon drift mechanism due to the momentum exchange with the current of ions and electrons under an electric field.

electrolytes (15). In Fig. 2, the drift motion acting on a
radon atom is pictorially shown.

Now, when the ion (ionized atom of air) is under the
action of an uniform electric potential, it will be acceler-
ated until it reaches a constant drift velocity according to
the well-known formula

AV
=K— 16
=K (16)

where K is the ion mobility and Av is the electric potential
and considering a system of electrodes of parallel plates
each other at a distance L, as depicted in Fig. 3. The ion
mobility may be calculated from the Mason-Schamp
equation, (16)

o] —

:3[ 27 } o (17)
16| ux,T | no

where u is the reduced mass of the ion and the gas mole-
cules, Q, is the ion charge, n is the gas number density, and
s is the collision cross-section between the ion and the gas
molecules. Thus, if a fraction 7 of the initial amount of gas
n is ionized, given by Eq. 13, then the ion mobility can be
expressed as function of the mobility in a neutral gas K as

1
K=K [1 1] (18)

Combining Egs. 16 and 18, we have for the ion drift
velocity

K, AV

. 19
) (19)

For the momentum exchange from the collision
between the ion and the atom of radon, we will proceed as
follows: on the one hand, the average logarithmic energy
decrement  of the ion after an elastic collision with a
given target (in our case an atom of radon) is given by (13)

E.
&=t (0)
Ef
where
(-1, a-1
=1+~ In—— 21
& 200 n(x+1 @D

where E, and E are the energy of the ion before and after

collision, respectively and o = —" is the ratio between the
m

mass number of the ion m, and the radon atom m . Thus,
the kinetic energy gained by the atom of radon after colli-
sion is the kinetic energy lost by the ion atom, i.e.
AE = E, - E,, and thus the velocity of radon as function
of the velocity of the incident ion atom v, yields

1
_ &2
v,=v,-[1 ¢ } (22)

o

and inserting Eq. 19 becomes

1

_eo S |2

) = KAV |1-e 23)
(1-1)L| «
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Fig. 3. Soil-parcel electrokinetic model.

The flux of ions j, across any plane parallel to the elec-
trode-plates is given by

Ji=vn, (24)
or considering Eq. 19 becomes

KAV,
oL

(25)

On the other hand, the radon flux J, is related with the
ionic flux according to the following equation, derived in

the Appendix:
. 2j v || n
- =i || 26
Ir 3a(1—1)|:v,][na] (26)

Inserting Egs. 13, 23, and 25 into Eq. 26, we have

27)

FEaa- | o

1

o 2K0AVnr1[1—e‘5f ]2
If the specific generation of radon in the soil per unit of
time and volume is @, then the amount of radon gener-
ated in the parcel of soil limited by the electrodes with a
cross-section area s, distance between them L, and volume

On electrokinetic soil radon mitigation

sLis sLa . Therefore, by a balance of mass in steady state,
the radon flux must satisfy

sj, =sLa,;
. (28)
J,=La,

In addition, the concentration of radon in the soil must
be equal or lower than the equilibrium concentration
attained by its radioactive decay; therefore, an upper limit
is obtained by

In(2)

tl/2

(29)

where 7_is the concentration of radon and ¢, =~3.3x10’
s is the half-life of radioactive decay for radon (**Rn).
Inserting Eq. 27 into Eqgs. 28 and 29, we have

1

3R)2[ o P a-1y

Ay =302 — (-0 (30)
2K t,, [1-€e™ 1

Results

In order to obtain some idea of the degree of ionization
and the require electric potential, we assume some typical
values of the parameters: a y-soil activity for a soil with
4K, 2?Ra, and »?Th with specific activities (17) 500, 35,
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and 50 Bg/kg, respectively, which for a soil with an aver-
age density of 1.5 g/cm® yields an activity around 2.3
MeV/cm?® s; an average energy lost per pair of ions formed
in the gas (10), w = 33 eV; a recombination coefficient
(18), # = 10" cm/s; an ionic mobility K, =1.29x107 m?
Vs; a = 7.68. For the calculation of the ratio stopping
power soil-pore, Monte Carlo computational simulations
were performed using the Monte Carlo N-Particle
Transport code, which is a general purpose Monte Carlo
radiation transport code that tracks nearly all particles at
nearly all energies developed at Los Alamos National
Laboratory. The calculations were performed for several
cavities air-filled with diameters from 0.1 to 10 um. The
cavity was immersed into an infinite medium with a mate-
rial composition from a typical granitic soil in weight frac-
tion as follows: SiO,: 45.26; TiO,: 0.04; ALO,: 39.9; Fe O.:
0.41; MgO: 0.06; CaO: 0.10; Na,O: 0.02; K,0: 0.45; H,O:
13.76. The resulting curve for the stopping power ratio is

0.1 f
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Fig. 6. lonization degree I as a function of the radius of the
pore.

shown in Fig. 4, where, for a first estimate, an average rep-
resentative value around A = 0.5 may be assumed. Finally,
assuming a temperature inside the pore around 7= 320 K
with a pressure p =10° Pa and an ionic radius for air mol-
ecules 7,=2x10""" m, we obtain Fig. 5 for the ionic and
electronic concentration as function of the radius of the
pore. From this figure, it is easy to see that the pore tends
to a plasmatic condition (quasi neutral gas) for radius
higher than 2 pm or thereabouts, and with a concentration
around 10%cm?. For radius less than 2 um, the pore starts
to become positively charged owing to the increased leak-
age of electrons. Fig. 6 shows the ionization degree as
function of the radius of the pore. It is seen that full ion-
ization is attained for porosities with diameters around or
less than 0.2 um or therabouts. Finally, Fig. 7 shows the
electric potential required for radon removal as a function
of the diameter of the pore. It is seen that electrokinetics
working with practical and realizable potentials with less
than 100 V, as used in traditional ER, is able to remove
radon from soils with porosities with pore-diameters < 600
nm. This distribution of sizes of the pore is encouraging if
one takes into account that, actually, the gas diffusion
region in rocks and specially in granite stones (19), where
gases are mainly absorbed in micropores (<10 nm) and
diffused in small pores (10-100 nm) (9).

Conclusions

Electrokinetic and its potential significance with regard
to soil radon mitigation was investigated. Utilizing a
physical model, it was shown that because of the sur-
rounding radioactivity, soil-pores, through which radon
travels toward the surface, are preferential centers of
ionization, and in fact, small pores become positively
charged owing to the much higher migrational areas of
electrons in comparison with heavy ions, which are
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Fig. 7. The electric potential required for radon removal as a function of the diameter of the pore and for several distance

between electrode-plates.

trapped inside the pore whereas electrons escape. The
electrical activity inside the pores opens the possibility
for radon removal by applying electric potentials. It was
found that electric potentials with less than 100 V, as
used in traditional ER, are able to remove radon from
soils with porosities with pore-diameters 600 nm or less.
This distribution of sizes of the pore is very encouraging
because it constitutes, actually, the so-called gas diffu-
sion region in rocks and specially in granite stones, which
feature specially high levels or radon, where it is known
that gas is mainly absorbed in micropores (<10 nm) and
diffused in small pores (10-100 nm).

Finally, it should be kept in mind that the present report
must be taken with caution. Substantial uncertainties were
present at every step of the analysis as well as idealizations
and simplifying assumptions that are inherent in theoreti-
cal treatment. Therefore, the reported results are not
intended to typify quantities. This should not be miscon-
strued as an attempt to produce a definitive mechanistic
analysis. Nonetheless, we will provide important guidance
for future experimental research, which is required in order
to proof the electrostatic pore hypothesis.

Appendix

Derivation of radon flux

Let us consider a single, small volume witha cross-section
area s, length / and volume s/ with a concentration of radon
and neutral atoms of air n, n,(1-1). Those atoms can be

regarded as being at rest if compared with the ions, which
are being accelerated by the electrical field. The volume is
being bombarded by the directional flux of ions j, induced
by an external electric field, and then some of the atoms of
radon are being energized by the momentum exchange
from the collision with the ions. It is desired to know the
induced flux of radon j_as a result of the ionic flux j.

First, the number of atoms of radon per unit of volume
and time 7,, which are being energized by the collision
with the flux of ions, is given by

n: =0n,j; (31

where o, is the microscopic cross-section of collision
between ions and radon targets, 7 _is the number of atoms
of radon at rest, and J, is the flux per unit of area of ions.
Now, if the length of the volume is equal to the length
path of the energized atoms of radon/= 4, then the time

i

L A . .
of reaction is given by T=—" where v, is the velocity of

the ions discussed previousl}l/. Therefore, the number of
radon atoms energized per unit of volume will be

. on\j
nr — L r rJu

(32)
V.

i

The length path A_can be expressed in terms of the con-

centration of the target atoms, i.e. the atoms no ionized of
. . . . 1

air n, and the microscopic cross-section as (13), A, = —
no

r
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being the microscopic cross-section of collision between
the energized radon and the neutral atoms. Therefore, Eq.
32 becomes

n* — o Ji
o.ny,

(33)

On the one hand, it is allowable to assume that the
microscopic cross-section o; = ¢,, and on the other hand,
after collision, the radon atom is scattered with an average
cosine of the scattering angle with regard to the initial
direction of the ion (13)

— 2
== 34
o= (34)

and then the average component of the velocity of radon
in the direction transverse to the plates is

v, =V M,
2w, (35)
v, =

3o

*

and the regulating drift flux j =nv,, and thus, we have

r

2j

C_ 20| v || e
)= 3a|:vi :H:n] (36)

which is physically consistent with what would be
expected, namely, if the radon velocity is null, the flux
will also be null, or even if the radon velocity is high
but the concentration of radon tends to 0, the flux will
also tend to 0. Taking into account that the number of
atoms of air no ionized as function of the initial num-
ber of atoms is given by no('1 —I), then Eq. 36 becomes

SR Y
)

Nomenclature

a, = specific activity of the soil in energy per unit of vol-
ume and time (J/m?3s)

a,_specific generation of radon in the soil in particles per
unit of volume and time (1/m?’s)

B = buckling factor (1/m)

e = electronic

E = energy of the accelerated ion (J)

i = ionic

I = dimensionless ionization factor defined by Eq. 13

J = flux per unit of area (1/m?s)

K = ionic mobility

L = distance between electrodes

m = atomic mass (kg)

M = migrational area (m?)

n = concentration per unit of volume (1/m?)
N, = Avogadro’s number

p = pressure (Pa)

p, = dimensionless nonleakage probability
¢ = ionization rate per unit volume and time (1/m?s)
Q = charge per unit of volume (C/m?)

r, = radius of the ion (m)

R = radius of the pore (m)

R, = gas constant (J/Kmol)

t = time (s)

t,, = half-life of radon *** Rn (s)

T= temperature (K)

w = energy required to create ion-pair w (J)

Greek symbols

o = dimensionless ion-radon mass ratio

S = recombination coefficient (m?/s)

Av = electric potential (V)

k,= Boltzmann’s constant (J/K)

A = length path (m)

A = dimensionless ratio stopping power soil-pore
¢ = dimensionless average logarithmic energy decrement
p = density (kg/m?)

¢ = microscopic cross-section (m?)

v = velocity (m/s)

Subscripts

a = air

e = electron

f = final

i = ionization, ion or initial value
p = pore

r =radon

s = soil

Acknowledgments

This research was supported by the Spanish Ministry of
Economy and Competitiveness under the fellowship grant
Ramon y Cajal: RYC-2013-13459.

Conflict of interest and funding
The author has not received any funding or benefits from
industry or elsewhere to conduct this study.

Author contribution

The author confirms sole responsibility for the study con-
ception, analysis and interpretation of results, and manu-
script preparation.

References

1. Iyer R. Electrokinetic remediation. Int J Particulate Sci Technol
Int J 2011;9(3): 219-28.

2. World Health Organization (WHO) (2009). Handbook
on indoor radon: a public health perspective. 94 p. ISBN:
9789241547673. WHO Library Cataloging in-Publication Data

Citation: Journal of the European Radon Association 2020, 1: 3632 http://dx.doi.org/10.358 | 5/radon.v1.5334

(page number not for citation purpose)


http://dx.doi.org/10.35815/radon.v1.5334

10.

1.

. Cothern CR, Smith JE. Environmental radon. Environ Sci Res.

1987;35: 249-272. https://doi.org/10.1007/978-1-4899-0473-7

. Handbook of radon in buildings: detection, safety, & control.

Baltimore, MD: Mueller Associates, SYSCON Corporation,
Brookhaven National Laboratory; 1976.

. Miao T, Pan T. A multiphysics model for evaluating electroki-

netic remediation of nuclear waste-contaminated soils. Water
Air Soil Pollut 2015; 77(2015): 226.

. Cameselle C. Electrokinetic remediation and other physi-

co-chemical remediation techniques for in situ treatment of soil
from contaminated nuclear and NORM sites; Environmental
remediation and restoration of contaminated nuclear and norm
sites. Cambridge (Sawston): Woodhead Publishing Series in
Energy; 2015, pp. 161-84.

. Prozorov L, Shcheglov MY, Nikolaevsky VB, Shevtsova EV,

Korneva SA. The influence of electric parameters on the dynam-
ics of the electrokinetic decontamination of soils. J Radioanal
Nucl Chem 2000; 246(3): 571-4.

. Gavrilescu M, Pavel LV, Cretescu I. Characterization and reme-

diation of soils contaminated with uranium. J Hazard Mater
2009; 163(2-3): 475-510.

Chen XJ, Liu J, Wang L, Qi LL. Influence of pore size distri-
bution of different metamorphic grade of coal on adsorption
constant. J China Coal Soc 2013; 38: 294.

Gray LH. An ionization method for the absolute measurement
of y-ray energy. Proc R Soc A 1936; 156: 578-96.

Smirnov BM. Physics of ionized gases. New York: John Wiley;
2001.

12.

14.

15.

16.

17.

19.

On electrokinetic soil radon mitigation

Walter AB, Reynolds AB. Fast breeder reactors. Elmsford, NY:
Pergamon Press; 1981.

. Glasstone S. Principles of nuclear reactor engineering. New

York: The Van Nostrand Company; 1955.

Lieberman MA, Lichtenberg AJ. Principles of plasma dis-
charges and materials processing (2nd ed.). Hoboken, NI:
Wiley-Interscience; 2005.

Benenson W, Harris JW, Stocker H, Lutz H. Handbook of phys-
ics. New York: Springer Science & Business Media; 2006.
Viehland LA. Gaseous ion mobility, diffusion, and reaction.
Switzerland: Springer; 2018.

Daulta R, Garg VK, Singh B. Natural radioactivity in soil,
associated radiation exposure and cancer risk to population of
Eastern Haryana, India. J Geol Soc India 2019; 94: 525-32.

. Bate DR. Atomic and molecular processes. New York and

London: Academic Press; 1962.

Shang X, Zhang Z, Xu X, Liu T, Xing Y. Mineral composition,
pore structures, and mechanical characteristics of pyroxene
granite exposed to heat treatments. Minerals 2019; 9: 553.

*Francisco ). Arias

Department of Fluid Mechanics

Polytechnic University of Catalonia

ESEIAAT C/ Colom 11, 08222 Barcelona, Spain
Email: francisco javierarias@upc.edu

Citation: Journal of the European Radon Association 2020, 1: 3632 http://dx.doi.org/10.358 | 5/radon.v1.5334

(page number not for citation purpose)


http://dx.doi.org/10.35815/radon.v1.5334
https://doi.org/10.1007/978-1-4899-0473-7
mailto:francisco.javier.arias@upc.edu

