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Abstract- We have used SRIM-2013 computer code to estimate the irradiation parameters such as cascade displacements, 
stopping powers, lateral/longitudinal straggling, ionization, and the defect concentrations in polyethylene and its composites 
with Martian Regolith (MR) subjected to irradiation by 600 MeV/u 56Fe+-ions. Our previously reported Positron 
Annihilation Lifetime Spectroscopy (PALS) studies showed larger variations in positron lifetime parameters with increasing 
irradiation dose (10, 32, 64 Gy) for polyethylene compared to its MR composite. TRIM analysis showed that most of the 
energy transferred to target by 56Fe+-ion is through ionization (electronic) and mall part via displacements and phonons 
(nuclear). The production of total vacancies/displacements is higher in MR composite compared to polyethylene, but the 
affective vacancy concentration is higher in polyethylene due to larger lateral straggling. The dissipated energy density is also 
higher in polyethylene. H-vacancies to C-vacancies ratio is 2.5 for polyethylene and 1.8 in polyethylene+MR composite with 
higher number of H and C vacancies in polyethylene. Loss of H-atoms from matrix due to irradiation and their effect on 
chemical transformations are discussed to explain the differences observed in nanoporous free volume and flexural stress. 
Polyethylene+MR composite seems to be more resistant to heavy ion irradiation compared to polyethylene. 
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I. INTRODUCTION 
 
The Ultra High Molecular Weight Polyethylene 
(UHMWPE) and its composites with Martian Regolith 
(MR) could be of potential use in habitats for future 
long-term human space missions on planetary 
surfaces where materials with good structural and 
radiation shielding properties are important.  Effective 
utilization of in situ regolith can reduce overall 
mission costs and maximize protection for astronauts 
and their instruments. The radiation environment on 
Mars has components from the sun and galactic 
cosmic rays (GCR) which include energetic fully 
ionized nuclei [1]. For the irradiation experiments, 
600 MeV/u 56Fe was chosen as it is representative of 
the iron GCR component [2]. We have reported [3] the 
results of Positron Annihilation Lifetime 
Spectroscopy (PALS) and mechanical properties of 
(7” x 6” x 0.25” dimensions) UHMWPE and 
composites with the addition of Martian Regolith 
(MR) irradiated with 56Fe heavy ions at an energy of 
600 MeV/u to three different doses (10, 32, 64 Gy). 
The PALS results showed that MR composites were 
less porous with much lower nanopores concentration 
compared to the UHMWPE polymer. Larger 
variations in positron lifetime parameters are observed 
with increasing irradiation dose for UHMWPE 
polymer compared to its MR composites. A qualitative 
inverse relationship was observed between nanoscale 
porosity variations measured by positron lifetime and 
mechanical properties (flexural stress at maximum 
flexural load obtained from a 3-point bent tests) with  

 
increasing irradiation dose for UHMWPE and its 
composites with MR individually. But overall flexural 
stress at all irradiation doses is lower for MR 
composite than for UHMWPE, though the nanoporous 
free volume of UHMWPE is higher at all doses 
compared to MR composite. Here, we used 
SRIM-2013 (Stopping and Range of Ions in Matter)  
computer code [4] to estimate the irradiation 
parameters such as cascade displacements, stopping 
power, lateral/longitudinal straggling, ionization, and 
the defect concentrations in polyethylene and its MR 
composites in order to understand the differences 
observed in PALS and mechanical property studies. 
 
II. PROCEDURE 
 
The two systems analyzed using SRIM-2013 (The 
Stopping and Range of Ions in Matter [4]) are 
polyethylene and polyethylene with Martian regolith 
(MR) composite (70 wt% MR + 30 wt% polyethylene). 
JSC Mars-1 is a Martian regolith simulant that is 
weathered volcanic ash from Pu’u Nene, a cinder cone 
on the Island of Hawaii that has been repeatedly cited 
as a close spectral analog to the bright regions of Mars 
[5], [6], [7]. The Martian regolith composition (Allen 
et al. 1998) is given in Table 1. 

Table 1. Martian regolith composition 
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The SRIM-2013 computer code is used for the 
estimates of energy dissipation and defect production 
by 600 MeV/u 56Fe+-ion irradiation. The energy of 600 
MeV/u 56Fe+-ion is equivalent to about 33 GeV. For 
both the systems, polyethylene and its MR composite, 
TRIM (Transport of Ions in Matter) simulations were 
performed using ‘Detailed calculations with full 
damage cascades’ analysis for 33 GeV 56Fe+-ions. 
Collision cascade damage was considered in the 
analysis using 99,000 ions on the spot. Table 2 gives 
the elemental composition used in the SRIM analysis 
for polyethylene and its MR composite (70 wt% MR + 
30 wt% polyethylene). For polyethylene+MR 
composite, SRIM input - SiO2, Al2O3, and FeO3 
compounds were added in percent compositions, and 
oxygen composition was accounted for rest of the 
oxides. For convenience, the least MR compositions 
P2O5, K2O, and MnO were neglected in SRIM 
calculations and substituted Ti by Fe, Ca by Fe, Mg by 
Al, and Na by Al as the densities of their oxides are 
close by. The density of polyethylene+MR composite 
sample is experimentally determined to be 1.23 g/cm3 
using Archimedes method (ASTM B962) and 
provided as input to SRIM analysis. 

Table 2: Elemental composition used in SRIM 
calculations 

 
 
III. RESULTS AND DISCUSSION  
 
Table 3 gives the ion range, longitudinal and lateral 
straggling, and electric and nuclear stopping powers 
in polyethylene and polyethylene+MR composite for 
33 GeV (~600 MeV/u) Fe+-ions, and Fig. 1 shows the 
electric and nuclear stopping powers dependence on 
ion energy.  

Table 3: Ion range, straggling, and stopping 
powers in polyethylene and its MR composite for 

33 GeV Fe+-ions 

 
 

This clearly indicates that most of the ion energy is 
lost to electronic events (ionization) and very little to 
the nuclear events that producing atomic 
displacements/vacancy defects. The nuclear stopping 
power increases at low ion energies, thus one may 
expect most of the vacancies are produced at the end 
region of the ion range. But the sample thickness (6.35 
mm) used in the irradiation experiments is much 
smaller than the ion ranges in these samples. So, the 
atomic displacements/vacancy defects produced 
within the sample are at low concentrations and most 
of the energy dissipation is through ionization. The 
vacancy defects produced may diffuse through the 
sample as radiation enhanced migration process and 
local heating of the sample occur along the ion path 
[8].  
 

 
Fig. 1: Electronic and nuclear stopping powers dE/dx in keV/µm 

of Fe+-ions as a function of ion-energy 
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The electronic stopping power is thousands of times 
larger than the nuclear stopping power at 33 GeV 
range. Thus most of the energy dissipation is due ion 
to electron energy transfers that ionize electrons 
which lead to cleavage of polymer chains and local 
melting of material within the hotspots around the 
primary ion trajectory.  The displaced H and C atoms 
and the diffusion of H and C vacancies within the hot 
spots may assist in polymer crosslinking or nano-pore 
formation. Fig. 1 also shows the comparison of the 
sopping powers between polyethylene and 
polyethylene+MR composite at energy range close to 
33 GeV. There is slight difference in nuclear stopping 
powers between these two targets, while larger 
difference is observed in electronic stopping powers. 
Table 4:  Displacement (Ed), lattice binding (Elb), and 
surface binding (Esb) energies for target atoms; energy 
transferred to target atoms (Etran) by 56Fe+-ions; 
number of target atom vacancies (Nvac); and Energy 
absorbed by target atoms (Eabs) in polyethylene and 
polyethylene+MR. 
 

 
Fig. 2: Lateral Straggling of Fe+-ions vs. Eion close to 33 GeV. 

 
Fig. 2 shows the differences in the average lateral 
straggling with energy close to 33 GeV for Fe+-ions 
between polyethylene and polyethylene+MR 
composite. The lateral straggling of incident ions is 
much wider for polyethylene+MR composite 
compared to polyethylene (408 µm vs. 297 µm), 

indicating a wider energy dissipation and damage 
distribution in polyethylene+MR. The lateral 
straggling limited to the sample thickness is used to 
calculate a conical volume affected by the ion in each 
target. Using the total energy dissipated and the 
affected volume, the dissipated energy densities are 
estimated to be ~ 1.5 keV/(µm)3 in polyethylene+MR 
composite and ~ 3.4 keV/(µm)3 in polyethylene. The 
total number of target vacancies produced per ion is ~ 
1348 vacancies/ion in polyethylene and ~1459 
vacancies/ion in polyethylene+MR composite. 
Though the number of vacancies produced is higher in 
the MR composite, the affective density of vacancies 
due to larger lateral straggling is ~ 2.3 times lower 
than in polyethylene. The lower dissipated energy 
density in polyethylene+MR composite may result in 
lesser pores and also lower vacancy density may result 
in lesser aggregation of vacancies to assist nano-pores 
growth as reported by PALS studies [3]. 
Table 5: Defect production and energy dissipation 

by 33 GeV 56Fe+-ions in 6.35 mm thick 
polyethylene and polyethylene+MR targets 

 
 
The ratio between hydrogen vacancies to carbon 
vacancies is higher ~2.5 for polyethylene compared to 
~1.8 for polyethylene+MR composite. Previous 
studies showed higher sputtering yield for hydrogen 
compared to carbon [9] and H content depletion in 
polyethylene terephthalate films, while the target C 
content is least affected under ion irradiation. Hama 
and Oka [10] observed loss of H-atoms in polyethylene 
by heavy ion irradiation that induced chemical 
transformations such as crosslinking, trans-vinylene 
(-CH2-CH=CH-CH2-), end-vinyl (-CH2-CH=CH2), 
and vinylidine (-CH2-CH(=CH2)-CH2-). Thus 
H-vacancies and loss of H-atoms from matrix that are 
observed to be higher for polyethylene compared to 
polyethylene+MR (see Table 4) plays a key factor in 
resulting chemical structures due to irradiation. This 
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may affect the changes in mechanical properties 
significantly in polyethylene compared to the MR 
composite.  Our previous studies (Seetala et al. 2014) 
are in corroboration with these observations showing 
more drastic changes for polyethylene compared to its 
MR composite in both  nanoscale porosity measured 
by PALS and mechanical properties (flexural stress at 
maximum flexural load obtained from a 3-point bent 
tests) with increasing ion dose. A qualitative inverse 
relationship was observed between nanoscale porosity 
variations and flexural stress with increasing 
irradiation dose for polyethylene and its MR 
composites individually. But overall flexural stress at 
all irradiation doses is lower for MR composite than 
for polyethylene, though the nanoporous free volume 
of polyethylene is higher. The differences observed in 
nanoporous free volume and flexural stress may be 
understood in terms of the variations in chemical 
transformations in polyethylene and its MR 
composites due to differences in H-vacancies and loss 
of H-atoms from matrix during heavy ion irradiation. 
 
CONCLUSIONS 
 
SRIM-2013 computer code is used to estimate the 
collision cascade damage, defect production, 
ionization, and dissipated energy density in 
polyethylene and polyethylene composites with 
Martian regolith (MR) due to 600 MeV/u 56Fe+-ion 
irradiation. TRIM analysis showed that most of the 
energy transferred to target by ion is through 
ionization (electronic) and mall part via 
displacements and phonons (nuclear). The production 
of total vacancies/displacements is higher in MR 
composite compared to polyethylene, but the affective 
vacancy concentration is estimated to be about 2.3 
times higher in polyethylene compared to the MR 
composite due to larger lateral straggling. And the 
dissipated energy density is also higher ~ 3.4 
keV/(µm)3 in polyethylene compared to ~ 1.5 
keV/(µm)3 in polyethylene+MR composite. H and C 
vacancies are higher in polyethylene with H-vacancies 
to C-vacancies ratio of 2.5 for polyethylene while it is 
only 1.8 in polyethylene+MR composite. Higher 
H-vacancies and loss of H-atoms from matrix due to 
irradiation may result in chemical transformations 
that are more likely in polyethylene compared to 
polyethylene+MR composite. An attempt was made to 

explain the differences observed in nanoporous free 
volume and flexural stress in terms of the variations in 
vacancy concentrations, dissipated energy density, 
ratio between H-vacancies to C-vacancies, and their 
influence on chemical transformations. Finally, MR 
composite seems to be more resistant to heavy ion 
irradiation compared to polyethylene. 
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