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Abstract

Algodonite is a copper-arsenide type mineral. Its name
comes from its discovery locality Algodones Silver
Mine, Coquimbo, Chile. In this paper, neutron and
gamma interactions with Algodonite were simulated
using by FLUKA Monte Carlo code. Gamma linear
attenuation coefficients and neutron total macroscopic
cross sections were calculated for different primary
energies. Results were compared to most commonly
neutron shielding materials. Also several interaction
parameters as absorbed dose distribution, secondary
radiation yield and radioisotope production were giv-
en. As a result, gamma and neutron shielding capacity
of Algodonite is not bed all..
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1.Introduction

Algondones was first discovered in 1858 [1].
Algodonite is a mineral including copper and
arsenide elements. Such as other copper-
arsenide minerals (Domeykite and Whitneyite)
Algodonite is most commonly located in hydro-
thermal deposits. Algodonite has high density as
8.55 gram per cubic centimeter and its chemical
formula is CugAs. It is in Hexagonal crystal sys-
tem and Dihexagonal-Dipyramidal class. It has
no radioactive and magnetic property. This min-
eral is situated on the territory in 14 different
countries (Argentina, Austria, Bolivia, Chile,
Czech Republic, France, Germany, Iran, Namib-
ia, New Zealand, Sweden, Switzerland, UK and
USA).

An x-ray diffraction study on three Cu-As min-
erals (Dommeykite, Algodonite and Whitneyite)
was formed [2]. Stabilities and compositions of
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Algodonite were determined. In this study, Cu
and As percentages were determined for Algo-
donite samples taken from different locations.

Also, three trace elements (Ni, Fe and Ag) were
detected in samples taken from Cashin and Mo-
hawk mines. [3]. In UK, Algodonite mine was
discovered and a study was conducted to deter-
mine its stoichiometric formula. [4]. Koenig at-
tempted to produce Algodonite mineral in labor-
atory conditions [5].

Neutrons are uncharged particles. For this rea-
son, they are capable of traveling long distances
within the material. Today, several heavy met-
als, hydrogen-containing materials as polymers,
composites as heavy concrete and boron bearing
compounds and minerals are used in neutron
shielding processes. In literature, there are sev-
eral studies about mineral based neutron shield-
ing materials. Magnetite mineral was added in
ordinary concrete for the purpose of fast neutron
shielding [6]. Hematite, limonite and magnetite
mineral were tested in terms of usage of radia-
tion shielding material as concrete aggregates
[7]. For slow neutron shielding process boron
containing ores were used together with epoxy
resin as a new composite material [8]. Hematite
effect on radiation shielding property of concrete
was simulated by using MCNP Monte Carlo
code [9]. In our previously two studies, we used
several boron ores against 241Am-Be neutrons
by experiments and FLUKA Monte Carlo simu-
lations [10, 11]. In this paper, we simulated neu-
tron and gamma shielding and interactions pa-
rameters for Algodonite mineral by using Monte
Carlo simulations.
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2. Methodology

Nowadays Monte Carlo simulation method has
many application areas as physical science, en-
gineering, medicinal physics, space physics, fi-
nance and telecommunication. Especially, in
nuclear physics, sometimes this method is pre-
ferred instead of experiments because of radia-
tion damages on human body. Radiation interac-
tions with matter were simulated easily using
different Monte Carlo packages called FLUKA,
GEANT4, MCNP, MARS, and PHITS etc.
Monte Carlo simulations about nuclear interac-
tions are often found in literature [12-14].

FLUKA is a fully integrated particle physics
Monte Carlo simulation package [15, 16]. It is a
code based on the FORTRAN programming
language. Areas of applications of FLUKA code
are as follows:

e High energy experimental physics and en-
gineering
Shielding
Detector and telescope design
Cosmic ray studies
Dosimetry
Medical physics and radio-biology

FLUKA describes the interactions between mat-
ter and radiations. An input file prepares to run a
simulation. There are many options in input file
as beam properties, geometry, material defini-
tion, physical settings, score options and prima-
ry radiation weight. Each option is represented
by an input card and the sequential order of the-
se cards is important. This sequence should be in
form beam properties, irradiation geometry, ma-
terial definition physical settings, and score op-
tions. We used FLUKA Monte Carlo code to
obtain gamma linear attenuation coefficients,
neutron total macroscopic cross sections, ab-
sorbed dose distributions, secondary radiation
yields and radioisotope productions after irradia-
tion for Algodonite mineral. Beam energies
were entered in input file as three different neu-
tron energies (4.5 MeV by **Am-Be, 2.16 MeV
by #*Cf and 14.1 MeV by reactors) and four
different gamma energies (6 MeV by medical
LINAC, 1.25 MeV by ®Co, 662 keV by **'Cs,
356 keV by **Ba). And then mass percentages
(Cu - 83.58% and As - 16.42%) and density
(8.55 g/cm3) of Algodonite in input. These val-
ues were taken webmineral webpage. Mineral
used in the simulation have been entered in the
form of the disk sample (diameter: 2cm and
thickness: 1cm). NEW-DEFA card was used as
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physical settings. Transport of neutron particles
and gamma rays is activated in this way. Four
different score cards used in input to obtain
transmission factor (T), absorbed dose (D), dou-
ble differential secondary particle yield and pro-
duced radioisotopes as USRBDX, USRBIN,
USRYIELD and RESNUCLEI, respectively.
Finally simulation was run by beam emission of
source.

After simulations obtained transmission values
(T, attenuation factors) were used in Eg-1 and in
this way gamma linear attenuation coefficients
() and neutron total macroscopic cross sections
(1) were calculated. In this equation x is sample
thickness as 1 cm.

(2, p) = InT/x )

Absorbed dose distribution, secondary radiation
yield and radioisotope production values were
shown as contour and line plots by using FLAIR
[17]. FLAIR is a data analysis interface compat-
ible with FLUKA.

3. Results and discussion
3.1.Neutron Interactions

Neutron interactions with Algodonite for three
different neutron sources were simulated to re-
port attenuation factors, total macroscopic cross
sections, neutron fluencies, absorbed dose distri-
butions, secondary neutron and photon vyields
and radioisotope production yields. Attenuation
factors and macroscopic cross sections are
shown in Table 1.

Table 1. Neutron Attenuation Factors and
Total Macroscopic Cross Sections

Source Attenuation Factor | X (cm™)
“Am-Be | 0,2257+0,032% | 0,2977
22t 0,2945+ 0,024 % | 0,2445
Reactor | 0,3075+0,015% | 0,2359

If founded values compare to several most used
neutron shielding material, it can be said that
they are acceptable. For example, ordinary con-
crete (Zcf_zsz = 0,149, Y Am-241/Be = 0,148 and Y Reac-
or = 0,120 by FLUKA) has lesser macroscopic
cross sections than Algodonite almost two times.
Another example is a comparison to stainless
steel (Zcrs2 = 0,277, Zamose = 0,327 and



Yreactor = 0,223 by FLUKA). Fig.1, Fig.2 and
Fig.3 shows neutron fluencies.

As can be seen these figures, most neutron
counts are observed in the range of 0.1 + 10
MeV and thermal region is empty. Also there are
several epithermal peaks. Absorbed dose (D)
distributions as a function of simulation geome-
try are illustrated in Fig.4, Fig.5 and Fig.6 as 2D
contour plots.
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Figure 1. Neutron fluence as a function
of energy for 2 Am-Be source
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Figure 2. Neutron fluence as a function
of energy for 2*2Cf source
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of energy for reactor neutrons
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Figure 4. Absorbed Dose distribution
for > Am-Be source
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Figure 5. Absorbed Dose distribution
for °Cf source
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Neutrons and photons as secondary radiation
emerged from neutron interactions with Algo-
donite. In Fig.7, Fig.8 and Fig.9 secondary pho-
ton and neutron double differential yields are
given. The highest energy photons were pro-
duced by reactor neutrons. Photon and neutron
yields are close for three neutron sources.
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Table 2. Isotope yields as a function of A
and Z for **°Cf

A Isotope Yield Error (%)
(huclei/cm®/pr)
S el ] 76 6.95E-04 1.42E-01
_ 75 7.41E-02 2.71E-02
7 ] 66 5.10E-04 1.86E-01
65 7.35E-02 2.37E-02
) “i"?.; . 64 1.36E-03 1.05E-01
Figure 7. Double differential secondary neutron and 63 1.94E-01 1.72E-02
photon yields for ***Am-Be source 60 6.04E-08 2.19E+01
4 6.52E-08 1.26E+01
1 3.54E-03 2.66E-02
“Fhaton —— | Z Isotope Yield Error (%)
A (nuclei/cm®/pr)
I 33 7.48E-02 2.60E-02
2 29 2.66E-01 1.71E-02
28 3.54E-03 5.74E-02
‘ 27 6.04E-08 2.19E+01
' 2 6.52E-08 1.26E+01
e ] 1 3.54E-03 2.66E-02
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Figure 8. Double differential secondary neutron and

ohoton yields for 2Cf source Table 3. Isotope yields as a function of A

and Z for **Am-Be

A Isotope Yield Error (%)
"Fhoon —— | (nuclei/cm®/pr)
] 76 4.79E-04 2.70E-01
3 75 9.12E-02 1.53E-02
66 2.87E-04 1.38E-01
65 1.21E-01 6.67E-03
" 64 1.05E-03 1.25E-01
3 63 2.70E-01 4.93E-03
to-0s |- 1 62 2.61E-04 1.45E-01
1e-0 | 1 60 1.15E-04 1.12E-01
4 1.14E-04 4.42E-01
) ) e (e 2 2.62E-04 2.10E-01
Figure 9. Double (_jlfferentlal secondary neutron and 1 1.08E-02 7 76E-02
photon yields for reactor neutrons 7 Isotope Yield Error (%)
(nuclei/cm®/pr)
Radioisotope yields after neutron irradiation as a 33 9.17E-02 1.48E-02
function of mass and atomic number are shown ra 3.815-01 4.88E-03
in Tables 2 - 4, for ®°Cf, >’ Am-Be and reactor 28 111E-02 5.39E-02
source respectively. After neutron interactions 21 1.15E-04 1.10E-01
with Algodonite nine, eleven and sixteen differ- 2 1.14E-04 4.42E-01
ent isotopes occur for **Cf, > Am-Be and reac- 1 1.11E-02 7.99E-02

tor source respectively.
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Table 4. Isotope yields as a function of A
and Z for reactor source

A Isotope Yield Error (%)
(nuclei/cm®/pr)
76 3.69E-04 1.70E-01
75 3.55E-02 2.34E-02
74 4.22E-02 3.16E-02
71 5.55E-05 8.06E-01
66 1.58E-04 2.93E-01
65 5.82E-02 1.90E-02
64 7.14E-02 9.11E-03
63 1.39E-01 7.34E-03
62 1.24E-01 9.70E-03
61 5.59E-05 4.93E-01
60 7.48E-03 1.03E-01
59 2.08E-03 1.35E-01
4 1.04E-02 4.86E-02
3 3.39E-06 4.90E+00
2 2.44E-03 1.63E-01
1 5.99E-02 2.15E-02
Z Isotope Yield Error (%)
(nuclei/cm®/pr)
33 7.65E-02 1.18E-02
32 1.60E-03 1.56E-01
31 5.55E-05 8.06E-01
29 3.32E-01 4.37E-03
28 6.07E-02 2.67E-02
27 1.04E-02 9.87E-02
2 1.04E-02 4.86E-02
1 6.24E-02 2.39E-02

3.2. Photon Interactions

For photon interactions with Algodonite, linear
attenuation coefficients, attenuation factors, and
absorbed dose distributions are given in the pre-
sent paper. Linear attenuation coefficient (u) is
an important parameter to define good photon
shielding materials. Gamma ray shielding capa-
bility of materials increases with increasing line-
ar attenuation coefficient value. Linear attenua-
tion coefficients and attenuation factors for four
different primary photon energies were given in
Table 5.

Table 5. Photon Attenuation Factors
and Linear Attenuation Coefficients

Source | Attenuation Factor | pu(cm™)
LINAC | 0,2652+0,059% | 0,2655
%Co 0,1092 + 0,073% | 0,443

BCs 0,0485+0,118% | 0,6054
13384 0,0164 + 0,447% | 0,8224
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As a comparison, linear attenuation coefficients
of concrete were simulated by FLUKA. These
values are 0.193, 0.217, 0.230 and 0.243 for
LINAC, *Co, **Cs, **Ba sources respectively.
As can be seen these comparison, it can be said
that Algodonite has fine gamma ray shielding
capability. Absorbed dose distributions can be
seen in Fig.10, Fig.11, Fig.12 and Fig.13. Aver-
age absorbed doses are DLINAC=16.747, Dc,.
60=9.1514, Dc;.137=6.6076 and Dg,.133=7.0875 in
GeV per gram unit.
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Figure 10. Absorbed Dose distribution
for medical LINAC source
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Figure 11. Absorbed Dose distribution
for ®°Co source
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Figure 12. Absorbed Dose distribution
for ¥'Cs source
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Figure 13. Absorbed Dose distribution
for 13Ba source

4, Conclusions

We are simulated neutron and photon interac-
tions with Algodonite copper-arsenide type min-
eral. We suggested an alternative gamma and
neutron shielding material. It can be added con-
crete, lead or different base materials to prevent
against radiation damages. Also we gave infor-
mation about absorbed doses, primary neutron
fluencies, secondary radiation yields and isotope
production yield. This information may be use-
ful researchers about nuclear engineering, min-
eral processing, radiation physics etc.

References

1. Field, F., On algodonite, a new mineral containing
arsenic and copper, The Quarterly Journal of the
Chemical Society, 10, 289-292 (1857).

2. Ramsdell, L.S., An X-ray study of the domeykite
group. Am. Mineral. 14, 188-196 (1929).

3. Skinner, B.J., Luce, F.D., Stabilities and Composi-
tions of Alpha-Domeykite and Algodonite. Economic
Geology, 66(1), 133 (1971).

4. Ixer, R., Tindle, A.G. and Chapman, R., Algo-
donite and Domeykite from New Cliffe Hill quarry,
Stanton-under-Bardon, Leicestershire. UK Journal of
Mines and Minerals, 26, 43-51 (2005).

5. Koenig, G.A., On Artificial Production of Crystal-
lized Domeykite, Algodonite, Argentodomeykite and
Stibiodomeykite. Proceedings of the American Philo-
sophical Society, 42(173), 219-237, (1903).

6. Bashter, I. I., EI-Sayed Abdo, A. and Samir Abdel-
Azim, M., Magnetite Ores with Steel or Basalt for
Concrete Radiation Shielding. Jpn. J. Appl. Phys. 36,
3692- 3696 (1997).

21

7. Ramadan, A.B., Hodhod, O.A., Youssef, MAR.,
Fouda, S.A., Characterization of local Egyptian iron
ores for use in radiation shielding concrete. Health
Physics, 90(4), 371-376 (2006).

8. Li, Z.F., Xue, X.X., Jiang, T., Yang, H., Zhou, M.,
Study on the Properties of Boron-Containing
Ores/epoxy Composites for Slow Neutron Shielding.
Advanced Manufacturing Systems, PTS 1-3 Book
Series: Advanced Materials Research, 201-203,
2767-2771, (2011).

9. Gencel, O., Kam, E., Bozkurt, A., Korkut, T., De-
termination and calculation of gamma and neutron
shielding characteristics of concretes containing dif-
ferent hematite proportions. Annals of Nuclear Ener-
gy, 38(12), 2719-2723 (2011).

10. Korkut, T., Un, A., Demir, F., Karabulut, A., Bu-
dak, G., Sahin, R., Oltulu. M., Neutron dose trans-
mission measurements for several new concrete sam-
ples including colemanite. Annals of Nuclear Energy,
37, 996-998 (2010).

11. Korkut, T., Karabulut, A., Budak, G.,Aygiin, B.,
Gencel, O., Hangerliogullari, A., Investigation of
neutron shielding properties depending on number of
boron atoms for colemanite, ulexite and tincal ores by
experiments and FLUKA Monte Carlo simulations.
Applied Radiation and Isotopes, 70(1), 341-345
(2012).

12. Korkut, T., Hangerliogullari, A., The Evaluation
of Reactor Performance by using Flibe and Flinabe
Molten Salts in the APEX Hybrid Reactor. Journal of
Fusion Energy, Article in Press,
DOI:10.1007/s10894-011-9441-0 (2012).

13. Agosteo, S., Magistris, M. and Silari, M., Shield-
ing of Proton Accelerators, Radiation Protection Do-
simetry, 146(4), 414-424 (2011).

14. Prokopovich, D.A., Reinhard, M.l.,Cornelius,
.M., Rosenfeld, A.B., GEANT4 Simulation of the
CERN-EU High-Energy Reference Field
(CERF)Facility. Radiation Protection Dosimetry,
141(2), 106-113 (2010).

15. Ferrari A., Sala P.R., Fasso A. and Ranft J., 2005.
FLUKA: a multi-particle transport code. CERN-
2005-10, INFN/TC_05/11, SLAC-R-773.

16. Battistoni G., Muraro S., Sala P.R., Cerutti F.,
Ferrari A., Roesler S., Fasso A., Ranft J., The FLU-
KA code: Description and benchmarking. Proceed-
ings of the Hadronic Shower Simulation Workshop,
AIP Conference Proceeding 896: 31-49 (2006).

17. Vlachoudis V., FLAIR: A Powerful but User
Friendly Graphical Interface for FLUKA. Proc. Int.
Conf. on Mathematics, Computational Methods &
Reactor Physics (M&C 2009), Saratoga Springs, New
York, 2009.



