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Highlights

 Improper thresholds in vacancy production calculations in popular binary collision codes 

lead to excessive predicted vacancies and suppressed predicted replacements.

 Overestimation of vacancies in SRIM F-C vacancy text file is caused by a shortcoming of 

the SRIM computational model at near-threshold energies.

 Modifying the SRIM and Iradina codes by setting final and replacement energies to the 

displacement energy produces accurate vacancy production calculations.

 A new open-source software for vacancy production calculations, based on a modified 

version of Iradina, has been developed. (IRAD: https://code.ornl.gov/liny/irad)
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Abstract

Ion irradiation and implantation have wide applications that demand accurate determination of 

displacement damage profile and distribution of implanted ion concentration. The prediction of 

vacancies is especially important to determine displacements per atom (dpa), the standard 

parameter of primary radiation damage in materials. However, significant discrepancies exist in 

estimations of vacancies between full-cascade (F-C) and quick calculation (Q-C) options in the 

popular computer code SRIM. This study inspected the SRIM code and a relatively new code 

called Iradina, which uses a similar methodology, to develop an understanding of the origin of 

vacancy overestimation in the F-C options for SRIM and Iradina. We found that the default 

values of thresholds (namely final energy in SRIM and replacement energy in Iradina) in 

displacement production calculations results in excessively large number of calculated vacancies 

and very few replacements. After conducting multiple calculations using SRIM, Iradina, and 

MARLOWE (all based on the binary collision approximation), a comparison of the results 

indicates that there is a shortcoming in the SRIM and Iradina F-C methodology for treating near-

threshold collisions. This issue is responsible for the deficiency of replacements and excess of 

calculated vacancies in the SRIM and Iradina F-C results. Drawing on the principles of collision 

physics, we propose recommendations for modifying the source codes to address these issues.

Keywords: ion irradiation; dpa (displacements per atom); radiation damage; SRIM; nuclear 
materials
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1 Introduction

SRIM, first developed by Ziegler et al. [1], is widely used by thousands of researchers to 

simulate the interaction of energetic ions in matter. It has been applied in ion irradiation effects 

research [2], even though it was developed primarily for use in other ion beam applications such 

as ion implantation for semiconductor doping [3], ion beam materials modification [4], ion beam 

analysis of materials [5] and ion beam therapy [6]. However, studies have found that SRIM's 

full-cascade mode prediction for vacancy production is much higher than obtained with other 

simulations [7-10]. This discrepancy in SRIM was discovered by comparing the full-cascade (F-

C) and quick calculation (Q-C) modes using the standard “vacancy.txt” method [7]; significant 

discrepancy with other vacancy production simulations did not occur when using the SRIM F-C 

damage energy method [7, 9]. Furthermore, no error was found for the Q-C mode in either the 

vacancy.txt or damage energy methods. The excessive number of vacancies (by a factor of ~1.5 

to 3.5 depending on projectile and target [9]) predicted by the SRIM F-C “vacancy.txt” method 

is inconsistent with results from the MARLOWE binary collision approximation code [11] and 

molecular dynamics (MD) simulations [12]. This discrepancy is significant because it results in 

errors in the calculation of displacement per atom (dpa), the international standardized parameter 

of primary radiation damage in materials [13]. A recent extensive evaluation recommended 

applying the damage energy method if calculations are performed using the SRIM F-C mode [9]. 

Evidence that the SRIM F-C vacancy.txt file was incorrectly classifying replacement events as 

vacancies was also presented in Ref. [9]. However, the origin of the overestimation of vacancy 

production in SRIM F-C calculation has remained unclear as the SRIM source code is not 

available for public inspection. 



5

SRIM uses Monte Carlo simulation methods based on the binary collision approximation, 

considering the path and velocity of incident and recoil ions in each collision and assuming a 

straight path between collisions [1]. It provides valuable predictions on the distribution of 

implanted ion concentration, energy loss depth profiles (partitioned between electronic and 

nuclear processes), displacement per atom (dpa) depth profiles, and other relevant information 

like sputtering rate, and the total energy dissipated by ionization and in phonon production. For 

irradiation effects research, SRIM can be used to calculate the average damage energy (𝑇𝑑) or 

number of vacancies (𝜈𝑁𝑅𝑇) at a specific ion penetration depth. Based on the NRT model [13], 

for 2𝐸𝑑

𝜅 < 𝑇𝑑 < ∞, the total number of vacancies (resulting from atomic displacements) can be 

calculated using the equation

𝜈𝑁𝑅𝑇 =
𝜅 𝑇𝑑

2𝐸𝑑
   #(1)

where 𝜅 is the displacement efficiency with a value of 0.8, and 𝐸𝑑 is the displacement energy. 

With the number of vacancies (which equals the number of displacements), the dpa can be 

calculated by

𝑑𝑝𝑎 [
𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

𝑎𝑡𝑜𝑚 ] =
𝜙

𝑖𝑜𝑛𝑠
𝑚2 × 𝑣 [ 𝑣𝑎𝑐𝑎𝑛𝑐𝑖𝑒𝑠

𝑚 ∙ 𝑖𝑜𝑛 ]

𝛺 [ 𝑎𝑡𝑜𝑚𝑠
𝑚3 ]

#(2)

where 𝜙 and 𝛺 is the ion fluence and atomic density of the target material, respectively. Note 

that in SRIM, the number of displacements is defined as the number of vacancies plus the 

number of replacements. However, in the field of nuclear material research, the number of 

displacements is typically defined to be equal to the number of vacancies (or Frenkel pairs) [13, 

14]. If not otherwise specified, this study adheres to the latter definition.
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Despite the problem of vacancy overestimation, the SRIM F-C option is desirable due to the 

use of an advanced stopping power database for both primary ions and recoil atoms, and is also 

advantageous since it provides a detailed record of all collisions including dissimilar ion 

collisions in multi-element targets with different 𝐸𝑑 values. The Q-C option uses an analytic fit 

to 1960s-era stopping powers (and assumes self-ion collisions only) for all collisions beyond the 

projectile-target primary collisions. Because the SRIM code has not been open to the public 

since it was developed in the 1980s, the source code cannot be inspected or modified by general 

users. Recently, several alternative vacancy production and ion range codes (e.g., Iradina [15], 

IM3D [16], RaT [10], BCA-MD [17]) have been developed. Among these codes, the calculations 

of Iradina (an open-source code modified from the Corteo code [18]) showed good agreement 

with SRIM for both Q-C and F-C options [15]. The objective of this study is to conclusively 

determine the source of vacancy overestimation in SRIM F-C vacancy.txt calculations and 

provide a reliable physics-based method for dpa calculation based on the binary collision 

approximation. The numbers of vacancies and replacements estimated by SRIM and Iradina are 

compared to the results from MARLOWE [14] (a versatile benchmark binary collision 

approximation code) and MD using different values of the Frenkel pair spontaneous 

recombination radius. A new graphical user interface, IRAD, has been developed for a revised 

Iradina code to quickly perform dpa and ion concentration calculations. In a broader perspective, 

an accurate standard method for converting ion fluence to a quantitatively comparable damage 

parameter (e.g., displacements, vacancies, or replacements with depth) for various materials is 

critically important to understand the fundamentals of ion-matter interaction and radiation 

damage of materials associated with ion bombardment studies involving different projectiles and 

targets. Furthermore, an accurate standard dpa calculation method provides guidance for 
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selecting ion irradiation parameters for studying displacement damage effects in actual nuclear 

reactor environments.

2 Methodology

This study used SRIM-2013 and Iradina-CEA with either Q-C or F-C options for 

computations. Input parameters for a given projectile and target were kept consistent across all 

calculations with 10,000 incident ions to ensure good statistics. We conducted irradiation 

calculations for a UO2 composite target using 1 MeV Xe ions, and for various targets (atomic 

numbers 3-92) using 2, 5, or 10 MeV Fe ions. The ion beam was directed perpendicular to the 

surface and all ions were stopped within the target. Table 1 lists the input parameters for each 

SRIM and Iradina calculation. The displacement energies (𝐸𝑑) and lattice binding energies (𝐸𝑏), 

were taken from Agarwal et al. [9] In instances where the values were not provided in Ref [9], 

default SRIM values were employed. According to SRIM documents [19], 𝐸𝑑 is the minimum 

energy required to displace a target atom far enough from its lattice site to prevent spontaneous 

return and recombination, while 𝐸𝑏 is the minimum energy needed to remove an atom from its 

lattice site, taking into account the energy required to break electronic bonds. In general, 𝐸𝑑>>𝐸𝑏

. Agarwal et al. [9] reported that SRIM calculations using the Q-C option were not influenced by 

𝐸𝑏, whereas the vacancy production moderately decreased as 𝐸𝑏 increased (from 0 to 5 eV) 

when using the F-C option. The effective displacement energy (𝐸𝑒𝑓𝑓
𝑑 ) of multi-elemental targets 

for the damage energy method was calculated using Ghoniem and Chou’s [20] empirical 

equation:  

𝐸𝑒𝑓𝑓
𝑑 =

𝑖
𝑆𝑖 𝐸𝑖

𝑑

―1
#(3)
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where 𝑆𝑖 and 𝐸𝑖
𝑑 are the stoichiometric fraction and displacement energy of the ith target 

elements, respectively. As an example for UO2, the 𝐸𝑑 values for U and O are 40 eV and 20 eV, 

respectively. The calculation results in an effective displacement energy of approximately 24 eV, 

which is calculated as 𝐸𝑒𝑓𝑓
𝑑 = 1 ( 1

3
× 1

40
) + ( 2

3
× 1

20
) ≅24 𝑒𝑉.

Table 1. Input parameters for SRIM and Iradina calculations for various targets.

Target
Atomic 

number (Z)

Mass 

(amu)

Atomic density (×1022 

atoms/cm3)

Displacement 

energy (eV)

Lattice 

binding 

energy (eV)

Li 3 7.02 4.63 25 1.1

C 6 12.00 11.29 40 11.0

Al 13 26.98 6.03 25 2.3

Si 14 27.98 4.97 33 7.0

V 23 50.94 7.05 40 5.4

Fe 26 55.94 8.48 40 5.8

Ni 28 57.94 9.13 40 5.9

Cu 29 62.93 8.45 20 4.4

Se 34 79.92 3.67 40 3.0

Mo 42 97.91 6.41 60 10.5

Nd 60 141.91 2.93 40 3.0

W 74 183.95 6.34 90 13.2

Au 79 196.96 5.90 40 3.8

Pb 82 207.97 3.29 25 2.1

U 92 238.05 4.82 60 2.6

UO2 92/8 238/16 7.38 24 2.0

Based on the recommendation in Ref. [9], three different methods were used to calculate 

dpa or number of vacancies in SRIM. The first method, called the vacancy.txt method, involves 

using the SRIM output file "VACANCY.txt" to obtain vacancy production (calculated using Eq. 
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1 for SRIM Q-C). Note that SRIM F-C vacancy.txt method does not use Eq. 1 for calculating 

vacancy production. Instead, it evaluates the results for each atomic collision by moving ions in 

the solid. The second and third methods in Table 2 are classified as damage energy methods and 

require manual computation of the damage energy (𝑇𝑑) for use in Eq. 1. These values can be 

determined by subtracting the recoil ionization from the kinetic energy transferred to the recoil 

ions (hereafter called “recoil damage energy”) or by using the phonon energy calculated by 

SRIM for the recoil ions (hereafter called “phonon energy”). Table 2 presents a summary of the 

three methods recommended for dpa or vacancy calculations, adapted from Ref. [9], along with 

the necessary SRIM output files required for vacancy number calculations. The Appendix of the 

present study provides a detailed comparison of different methods for calculating damage 

energy.

Table 2. Summary of three modified methods recommended for depth-dependent dpa or vacancy 
calculations using SRIM-F-C option. Here, 𝐸𝑓 represents the final energy. The methods for setting it 
equal to 𝐸𝑑 are discussed later in the main text.

Methods Required SRIM output files Calculations

Modified 
vacancy.txt “VACANCY.txt”

To obtain the number of vacancies, first set 𝐸𝑓=𝐸𝑑, 
and use the “Target Element Vacancies” columns. 

For targets with more than one elements, use the 3rd 

to the n+2 columns, where n is the total number of 
target elements. 

Modified recoil 
damage energy

“E2RECOIL.txt”, 
“IONIZ.txt”, and 
“PHONON.txt”

To manually calculate the damage energy for Eq. 1, 
first set 𝐸𝑓=𝐸𝑑.. Subtract the “IONIZ. by 

RECOILS” column from the “Energy Absorbed by 
Target Element” column. Next, add the 

“PHONONS by ION” column. (Also need to 
consider columns n+2 if the target has multiple 

elements)

Modified 
phonon energy

“PHONON.txt” and 
“VACANCY.txt”

To manually calculate the damage energy for Eq. 1, 
first set 𝐸𝑓=𝐸𝑑. Add the values from the 

"PHONONS by RECOILS" column and the "Target 
Element Vacancies" column, multiplied by the 
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lattice binding energy (𝐸𝑏). (Also need to consider 
columns n+2 if the target has multiple elements)

As summarized in Table 3, the definition of a replacement collision and the conditions 

that must be met for the production of replacements in SRIM and Iradina are similar. As 

illustrated in Fig. 1, the post-collision energy of the projectile atom is denoted as 𝐸1 and that of 

the recoil atom as 𝐸2. Their corresponding atomic species are represented as 𝑍1 and 𝑍2, 

respectively. In the same figure, the pink dashed arrow represents a potential path for 

replacement production. If 𝐸2 is less than 𝐸𝑑, the recoil atom will return to its original position 

through path "b", orange dashed arrow, and a displacement is not created (i.e., subthreshold 

displacement event). If 𝐸2 > 𝐸𝑑 and the energy of 𝐸1 is less than 𝐸𝑑, the projectile atom will 

return to the position of the stuck atom via path "a" and produce a replacement (if 𝑍1 = 𝑍2). Both 

SRIM and Iradina does not allow unlike atoms to be replacements. Therefore, if 𝑍1 dose not 

equal to 𝑍2, the projectile atom can never replace the recoil atom (Fig. 1).

Table 3. Comparison of replacement collision calculations in SRIM and Iradina. The energies of the 
projectile and recoil atoms are E1 and E2, and their atomic species are identified as Z1 and Z2, respectively.

SRIM [19] Iradina [15, 21]

Definition of 

replacements

“If the incident atom is the same 

element as the atom that it hits, then 

the incident atom might transfer its 

energy to the target atom, knock it out 

of its lattice site, and the incident atom 

will then take its place in the lattice, 

while the hit atom moves on.”

Projectile and recoil are of the same 

type, and the projectile loses so much 

energy to the recoil that its remaining 

kinetic energy is below 𝐸𝑑, then the 

projectile is assumed to replace the 

recoil on its lattice site.

Related threshold 

energy

Final energy (𝐸𝑓) Replacement energy (𝐸𝑟)
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Conditions for 

producing 

replacements

(1) The projectile and recoil atoms are 

of the same type (𝑍1 = 𝑍2).

(3) The projectile atom must have less 

energy than the final energy (𝐸1 < 𝐸𝑓) 

when it stops.

(4) The recoil atom must have 

sufficient energy to create a stable 

vacancy (𝐸2 > 𝐸𝑑).

(1) The projectile and recoil atoms are 

of the same type (𝑍1 = 𝑍2).

(2) The recoil atom is not classified as 

subthreshold displacements (𝐸2 > 𝐸𝑑)

(3) The projectile has energy less than 

replacement energy (𝐸1 < 𝐸𝑟)

(4) The value of 𝐸𝑟 is set to be equal to 

𝐸𝑏. The value of 𝐸𝑟 is -1 eV by default, 

which serves as a flag for the code to 

assign 𝐸𝑟 the same value as 𝐸𝑏.

 

Fig 1. Schematic showing collision between initial incident ion with energy E and resulting energies of 
projectile atom (E1) and recoil atom (E2), with atomic species represented by Z1 and Z2. Pink and orange 
dashed arrows denote (a) possible paths for replacement productions and (b) subthreshold displacement 
event, respectively.

In SRIM simulations, a parameter known as the final energy (𝐸𝑓) represents the energy 

threshold below which a moving atom is considered to be at rest [19]; this parameter is assigned 

a value of 𝐸𝑓= 1 eV in the SRIM F-C program and is not a user-provided variable. Iradina uses 

“replacement energy” (𝐸𝑟) as a new parameter defined in the CEA version [15], whereas earlier 

versions used 𝐸𝑑 for the replacement calculations instead of 𝐸𝑟 [21]. The Iradina parameter 𝐸𝑟 is 
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assigned a default value of -1 eV which serves as a flag for the code to assign 𝐸𝑟 = 𝐸𝑏. 𝐸𝑟 has a 

distinct meaning from 𝐸𝑓 and is exclusively used for replacement calculations in Iradina. In 

Iradina, there is another parameter known as the minimum energy (𝐸𝑚) that represents the 

energy threshold at which a moving atom is considered to stop. The default minimum energy 

value in Iradina is 2 eV, adjustable by users. From a kinematics perspective, 𝐸𝑓 in SRIM and 𝐸𝑟 

in Iradina serve the same purpose in the replacement calculation algorithm of both codes. A 

replacement can be generated when 𝐸1 is less than 𝐸𝑓 or 𝐸𝑟 for SRIM and Iradina, respectively. 

From a physics perspective, when considering the energy of the projectile after the 

collision that generates a vacancy, ions with energies below 𝐸𝑑 are incapable of causing a stable 

Frenkel pair formation. However, they can still initiate a replacement. In both the SRIM F-C and 

Iradina codes, a vacancy is subtracted every time a replacement is produced. To check the 

performance of these codes, we manually changed the limits for 𝐸𝑓 and 𝐸𝑟 to 𝐸𝑑 (from their 

default values of 1 and -1 eV, respectively) to examine their impact on calculated vacancies and 

replacements. In SRIM-2013, the steps to reset the 𝐸𝑓 value to 𝐸𝑑 or another value are: (1) start a 

simulation, then exit and save the data. (2) edit the TDATA.SAV file where a line “Lowest E, Ed 

(min) (eV)” will list two values “x, y”. (3) change the “x” value to reset the 𝐸𝑓 value to the 

desired value, e.g., 𝐸𝑑. (4) re-run the saved SRIM calculation. For the Iradina code, 𝐸𝑟 can be 

changed in the “Materials.in” input file before starting a simulation. Note that in Iradina code, 𝐸𝑟 

is set to 𝐸𝑏 (lattice binding energy) if it is below 𝐸𝑏. The default 𝐸𝑟 value of -1 eV signals the 

code to assign it the same value as 𝐸𝑏.

For the MARLOWE calculations, 2 MeV Fe ions were launched at 0 K onto a 

monocrystal Fe target in 1,000 cascades, with an incident angle of 7º to avoid channeling. 

MARLOWE identifies a replacement event after a collision; if the projectile comes to rest within 
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a defined critical distance from the target site, then it replaces the target atom. The recombination 

of Frenkel pairs during collision cascades was taken into account in MARLOWE simulations by 

using a recombination radius (𝑟𝑣), within which it is assumed a Frenkel pair recombines 

spontaneously. As explained in Ref. [22], MD simulations [23] reveal that after the thermal 

spike, when atoms have a low kinetic energy and are no longer able to displace additional lattice 

atoms, the displaced atoms and vacancies can recombine. This relatively long recombination 

phase can be remarkably well reproduced using the concept of instability volume, which was 

introduced by Scholz and Lehmann [24]. In this work, the recombination radius, was 

systematically varied in the range of 0 to 3.3𝑎0 (where 𝑎0 is the lattice parameter of BCC Fe) for 

the MARLOWE calculations. It is important to note here that this recombination radius is not 

used to identify the replacement events in MARLOWE. 

Note that SRIM and Iradina do not rely on the Frenkel pair separation distance criterion 

when determining whether vacancies or replacements occur. Instead, they base their evaluations 

on the recoil energies of the incident particle and recoiling lattice atom, in comparison to a 

reference threshold energy. The threshold displacement energy (SRIM) and recombination 

distance (MARLOWE) concepts are closely related, as the threshold displacement energy for 

production of a stable Frenkel pair primarily depends on the kinetic energy required to separate a 

Frenkel pair beyond the spontaneous recombination distance. (i.e., 𝐸𝑑 is several times larger than 

the sum of the vacancy and interstitial formation energies). For the ion energy used in this study, 

the kinetic energy of Fe ions exceeds 25 keV/amu, and the default model (LSS) in MARLOWE 

cannot accurately predict the electronic stopping power. To address this issue, we used a specific 

module developed for MARLOWE that accounts for a wide range of velocities and masses, as 

described in Ref. [25].
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3 Results

Fig. 2 compares the predicted vacancy production profiles of 2 MeV Fe into Fe (Fig. 2a) 

and 1 MeV Xe into UO2 (Fig. 2b) using the SRIM F-C simulation. The results show the 

difference between the default final energy 𝐸𝑓 = 1 𝑒𝑉 and revised 𝐸𝑓 = 𝐸𝑑 using both the 

vacancy.txt method (V) and recoil damage energy method (E). The results indicate that using the 

full cascade option in SRIM with default 𝐸𝑓, the vacancy.txt method calculated 1.4-1.7 times 

more vacancies near the peak damage region (~625 nm and ~ 100 nm for Fe and UO2, 

respectively) compared to the damage energy method. However, when 𝐸𝑓 was manually set to 

𝐸𝑑, the vacancy.txt method (filled squares) calculated much fewer vacancies compared to the 

default 𝐸𝑓 scenario (open squares) and became identical (within 5%) to the values calculated by 

the recoil damage energy method. Therefore, the workaround approach to terminate the SRIM 

calculations for energy below 𝐸𝑑 largely fixes the SRIM F-C problem with overestimation of 

vacancies. It is worth noting that the near-surface (<120 nm depth for UO2) anomaly of the 

vacancy profiles using the recoil damage energy method was not found in the profile predicted 

by the F-C(V) method with revised 𝐸𝑓. 
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Fig 2. Depth-dependent vacancy production for (a) 2 MeV Fe in Fe and (b) 1 MeV Xe in UO2 estimated 
with SRIM full cascade calculations. Comparison between SRIM vacancy.txt (F-C(V); square) and recoil 
damage energy (F-C(E); circle) methods, with default 𝐸𝑓 = 1 eV (open symbol) and revised 𝐸𝑓 = 𝐸𝑑 
(filled symbol). 𝐸𝑓 and 𝐸𝑑 are the final energy and displacement energy, respectively. Effective 
displacement energy 𝐸𝑒𝑓𝑓

𝑑 calculated using the empirical equation from Ghoniem and Chou (U: 40 eV, O: 
20 eV). 
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The Iradina code was similarly used to examine the vacancy production predictions for 

the default and alternative final energy calculations. The replacement energy (𝐸𝑟) in Iradina, 

which seems to be identical (only for vacancy calculation) to the final energy (𝐸𝑓) parameter in 

SRIM, was changed from the default value of -1 eV to 𝐸𝑑. The comparison between Iradina and 

SRIM full cascade calculations for the Fe and UO2 test cases with default and revised 𝐸𝑟 and 𝐸𝑓 

values are given in Fig. 3. The results from Iradina and SRIM clearly show similar trends for the 

default and revised 𝐸𝑟 and 𝐸𝑓 values. The Iradina F-C predictions with 𝐸𝑟 = ―1 𝑒𝑉 (filled 

squares) and 𝐸𝑟 = 𝐸𝑑 (filled circles) agreed with the SRIM calculation with the default 𝐸𝑓

= 1 𝑒𝑉 using vacancy.txt method (open squares) and recoil damage energy method (open 

circles), respectively. Similar to the depth profiles in Fig. 2, Fig. 3 shows a notable variance 

between the default and revised 𝐸𝑟 calculations up to a factor of 1.4-1.7. The recoil damage 

energy method could not be evaluated for the Iradina calculations because the depth profile of 

beam energy lost to target atoms and ionization energy cannot be directly obtained from the 

Iradina output files. All vacancy production profiles predicted by Iradina in this study were 

plotted directly using the Iradina output files for the calculated number of vacancies.
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Fig 3. Depth-dependent vacancy production profiles for (a) 2 MeV Fe in Fe and (b) 1 MeV Xe in UO2 
estimated with full cascade calculation. Iradina results with default Er = -1 eV (filled square) and revised 
Er = Ed (filled circle) are compared to SRIM vacancy.txt method (F-C(V); open square) and recoil damage 
energy method (F-C(E); open circle). Er and Ed represent the replacement energy and displacement energy, 
respectively. 
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To further evaluate the impact of the proposed correction of 𝐸𝑓 and 𝐸𝑟, SRIM and Iradina 

calculations were performed with 5 MeV Fe on 15 different elemental targets (atomic numbers 

3-92). Fig. 4 presents a comparison of the overall vacancy production ratio, integrated over the 

entire range of ions, using the F-C or Q-C options, vacancy.txt or recoil damage energy methods, 

and with both default and revised 𝐸𝑓 and 𝐸𝑟 values. In Fig. 4, the overall ratios displayed 

systematic oscillations with respect to the target atomic number (Z). According to the findings in 

Ref. [9], the Z-oscillation observed in Fig. 4a and Fig. 4c stems from disparities between the 

analytical LSS stopping powers in Q-C mode and more precise SRIM stopping powers in F-C 

mode. When using the default 𝐸𝑓 and 𝐸𝑟 values (Fig. 4a), both SRIM F-C(V) and Iradina 

overpredicted vacancy production compared to the SRIM Q-C method (ratios up to 2.5 and 2, 

respectively). The results depicted in Fig. 4a suggest that Iradina F-C/Q-C and SRIM F-C(V)/Q-

C(V) ratios generally showed good agreement. Nevertheless, certain targets, such as Ni, Cu, and 

Nd, exhibited a relatively large disparity. However, when the SRIM F-C(E) method was chosen 

as the reference condition with revised 𝐸𝑓 and 𝐸𝑟 values, the ratios decreased to a maximum of 

~1.2 for both SRIM F-C(V) and Iradina F-C (Fig. 4b). Figs. 3 and 4b demonstrate a strong 

agreement among the predictions of SRIM F-C(V) with 𝐸𝑓 = 𝐸𝑑, SRIM F-C(E), and Iradina F-C 

with 𝐸𝑟 = 𝐸𝑑predictions. Fig. 4c indicates that the Q-C method produced moderate errors 

relative to the corrected F-C methods due to use of outdated approximate stopping powers. With 

revised 𝐸𝑓 and 𝐸𝑟, all targets had ratios between 0.6 to 1.4 for the SRIM Q-C to SRIM F-C(E) 

and Iradina F-C calculations. 
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Fig 4. Comparison of vacancy production ratios between (a) SRIM F-C(V) to Q-C(V) and Iradina F-C to 
Q-C using default final energy (Ef=1 eV) and default replacement energy (Er=-1 eV); (b) SRIM F-C(V) to 
F-C(E) with Ef = Ed and SRIM F-C(V) to Iradina F-C with Ef = Er = Ed. (c) SRIM Q-C to F-C and Iradina 
Q-C to F-C using displacement energy as final/replacement energy (F-C: full cascade option, Q-C: quick 
calculation option, “(V)”: vacancy.txt method, “(E)”: recoil damage energy method, Ef: final energy, Er: 
replacement energy, Ed: displacement energy)"

4 Discussion

4.1   On the use of thresholds in displacement calculations

Since the 1950s, defect production models using the concept of damage energy were 

developed based on the elementary binary collision model to gain a better understanding of the 

damage production process [26]. Two main factors can influence the estimation of the number of 

displaced atoms. The first factor is the electronic stopping power, which causes parasitic energy 

loss through electron excitation. The second factor is the specified conditions required for 

permanently displacing an atom from its lattice site. In general, there are two models used to 

determine the threshold for the production of displacements: the displacement energy (𝐸𝑑) [27] 

and recombination radius (𝑟𝑣) [28] models. The 𝐸𝑑 model involves a threshold energy level, 

above which a lattice atom that receives kinetic energy E > 𝐸𝑑 can be permanently displaced, 

i.e., with no possibility to return to its vacant site. On the other hand, the 𝑟𝑣 model specifies the 

radius of an instability volume, within which a displaced atom that comes to rest will 

subsequently spontaneously recombine with a vacancy. If the range of a recoil atom exceeds 𝑟𝑣, 

a stable defect pair is formed, but if not, the recoil eventually returns to its lattice site. These two 

models are closely related, as 𝑟𝑣 can be viewed as the range of a recoiling atom with an initial 

kinetic energy of 𝐸𝑑. It is also worth noting that both 𝐸𝑑 and 𝑟𝑣 can be dependent on the 

crystallographic orientation. For the calculations used in this study, the SRIM and Iradina codes 

applied the 𝐸𝑑 model, while the MARLOWE code applied the 𝑟𝑣 model.
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The SRIM documentation indicates that a threshold energy is assigned for vacancy or 

displacement calculation in F-C mode [19]. The concept of 𝐸𝑑 has caused confusion with some 

researchers. 𝐸𝑑 is defined as the minimum energy required to displace the struck atom a distance 

equal to the spontaneous recombination distance (𝑟𝑣~2 𝑎0 in most metals [29]). It can be 

calculated as 𝐸𝑑 = 𝐸𝑖
𝑓 +  𝐸𝑣

𝑓 + 𝐸𝑇, where 𝐸𝑖
𝑓 and 𝐸𝑣

𝑓 are the formation energies for an interstitial 

and a vacancy, and 𝐸𝑇 is the required threshold kinetic energy to be imparted to the struck atom. 

Here, 𝐸𝑇 would be an energy term integrated over a distance equal to the spontaneous 

recombination distance. In practice, the value for 𝐸𝑑 is dominated by the kinetic energy needed 

to move the recoil ion beyond the spontaneous recombination distance. The lattice binding 

energy used in SRIM and Iradina is recommended to be 𝐸𝑖
𝑓 +  𝐸𝑣

𝑓.

Robinson and Oen [30] noted an inconsistency in the original NRT formulation that 

arises from using a damage energy calculated from other models that is independent of any 

consideration of a threshold in a threshold-based displacement model. They pointed out a flaw in 

the model proposed by Lindhard et al. [31], where it was assumed that the initial energy of the 

primary recoil was entirely dissipated without considering any displacement threshold energy. 

Because the NRT model uses a displacement threshold, a correction is needed to account for 

electronic losses that occur at low energies. Their solution can be understood as correcting the 

threshold energy for inelastic losses [26, 30]. These references also discuss the development of 

the NRT and alternate models with various energy parameters related to displacement production 

(see the Appendix for details). 

Although the SRIM computer program is not available for user inspection, inspection of 

the open-access Iradina code provides insights on the reason for the anomalously high calculated 

vacancy production for the F-C vacancy.txt option. In Iradina, following each collision the first 
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step is to determine whether the recoil target atom energy is greater than a threshold energy 

called “𝐸𝑐”. For standard (non-surface) collisions, 𝐸𝑐 is set equal to 𝐸𝑑 for the recoil target atom 

evaluation. If the target recoil energy is >𝐸𝑐, then a “displacement” is counted. Note that both 

SRIM and Iradina codes define the number of “displacements” as the sum of vacancies and 

replacements. The free flight path and direction to the next atomic collision for the recoiling 

atom are then calculated and the lattice binding energy (𝐸𝑏) is subtracted from the target recoil 

energy. The next step is to determine if the projectile energy following the collision is less or 

greater than 𝐸𝑐, in which case the “displacement” is reclassified as either a replacement or as a 

vacancy, respectively. If the projectile energy is less than 𝐸𝑚𝑖𝑛 (default= 2 eV), the projectile is 

considered to be stopped and is classified as either a replacement or interstitial. Otherwise, the 

program continues to the next projectile collision. For bulk (non-surface) collisions in Iradina, 𝐸𝑐 

is assigned to be either 𝐸𝑑 or 𝐸𝑟for the projectile atom evaluation. Iradina CEA version 1.1.1 

used 𝐸𝑐=𝐸𝑟 (with an assigned value of 𝐸𝑟= 𝐸𝑏 in order to match SRIM F-C vacancy production 

calculations) whereas the original Iradina/Corteo code used 𝐸𝑐=𝐸𝑑. From this sequence, it is 

evident that if 𝐸𝑐 is set at the default 𝐸𝑟 value of 𝐸𝑏 (Iradina) or 1 eV (SRIM) then essentially all 

subthreshold collisions that should produce replacements will be incorrectly classified as 

vacancies. 

4.2 Number of Replacements

Table 4 calculations for 2 MeV Fe ion-irradiated Fe show that, when 𝐸𝑓 and 𝐸𝑟 are set 

equal to 𝐸𝑑 in SRIM and Iradina calculations, the number of replacements increased dramatically 

(factor of 4 to 9) and the number of vacancies decreased compared to the default conditions of 1 

eV and -1 eV, respectively. As noted in section 4.1, this may be due to a shortcoming in the 
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SRIM and Iradina computer code methodology for the treatment of near-threshold collision 

events. Selecting a value of 𝐸𝑓 or 𝐸𝑟 equal to 𝐸𝑑 allows replacements and/or subthreshold 

recombination events to be correctly tracked (within the limits of the binary collision 

approximation). It is worth noting that the decrease in vacancies between the SRIM default (𝐸𝑓

=1 eV) and revised (𝐸𝑓=𝐸𝑑) cases is almost exactly equal to the increase in calculated 

replacements for these two cases (4234 vs. 4246). A similar equivalence is observed for the 

Iradina default and revised 𝐸𝑟 cases (2807 less vacancies vs. 2805 more replacements). In the 

SRIM F-C and Iradina F-C codes, each time a replacement occurs, a vacancy is subtracted. 

Consequently, an underestimation of replacements will lead to an overestimation of vacancies.

Table 4. Number of vacancies and replacements for 2 MeV self-ion irradiated Fe. (F-C: full cascade option, 
“(V)”: vacancy.txt method, “(E)”: recoil damage energy method, Ef: final energy, Er: replacement energy, 
Ed: displacement energy, r

v: recombination radius, 𝑎0: lattice constant of bcc Fe)

Calculation code Conditions Number of 
vacancies

Number of 
replacements

Replacement to 
vacancy ratio

F-C (V) 11,095 519 0.05SRIM (default 
E

f
=1 eV) F-C (E) 6,464 -- --

F-C (V) 6,861 4,765 0.69
SRIM (E

f
=E

d
)

F-C (E) 6,699 -- --

F-C (E
r
= -1 

eV)
9,676 815 0.08

Iradina
F-C (E

r
=E

d
) 6,869 3,620 0.53

r
v
=0 31,982 0.15

r
v
=0.5𝑎0 14,370 0.34

r
v
=1.0𝑎0 7,104 0.68

r
v
=1.5𝑎0 2,808 1.72

r
v
=2.0𝑎0 1,681 2.87

MARLOWE

r
v
=3.3𝑎0 708

4,829

6.82
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To provide further information on vacancy production and replacements calculated by 

binary collision approximation methods, the well-known historic MARLOWE code was used; 

the results are summarized in Table 4. The corrected number of replacements obtained with 𝐸𝑓 

and 𝐸𝑟 equal to 𝐸𝑑 (4,765 and 3,620 for F-C versions of SRIM and Iradina, respectively) are in 

approximate agreement with the MARLOWE estimation (4,829), whereas the default-value 

SRIM (519) and Iradina F-C (815) calculations dramatically underpredict the number of 

replacements compared to MARLOWE. The MARLOWE calculations were performed for 

Frenkel pair spontaneous recombination distances (𝑟𝑣) ranging from zero to 3.3 𝑎0. The 

MARLOWE-calculated replacements were independent of recombination distance, whereas the 

calculated vacancy production decreases with increasing recombination distance. For the 

MARLOWE calculation with a recombination radius of 1 𝑎0, the number of vacancies (7,104) is 

comparable to the corrected SRIM (6,861) and Iradina (6,869) estimations (Table 4 and Fig. 5). 

In Fig. 5a, a recombination radius near 1 𝑎0 provides self-consistent calculated values of the 

displacement threshold energy and was recommended for self-ion irradiation in previous 

MARLOWE calculations [14] that became the basis for the NRT dpa [13]. Comparing the 

MARLOWE vacancy production calculations with SRIM and Iradina, Fig. 5b demonstrates a 

satisfactory agreement between the revised SRIM and Iradina values and the MARLOWE result 

when employing a recombination radius of 1 𝑎0. Conversely, when using default values of 𝐸𝑓=1 

eV and 𝐸𝑟=-1 eV, both SRIM and Iradina F-C vacancy production values exhibit a significant 

overestimation, ranging from 1.4 to 1.6 times higher compared to the other values.
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Fig 5. MARLOWE estimation of the number of vacancies as a function of recombination radius for 2 MeV 
self-ion irradiated Fe. Fig. 5b is the zoomed area marked in Fig. 5a. The number of vacancies predicted by 
SRIM and Iradina with the same irradiation condition is indicated by the dashed horizontal lines. (F-C: full 
cascade option, Q-C: quick calculation option, “(V)”: vacancy.txt method, “(E)”: recoil damage energy 
method, Ef: final energy, Er: replacement energy, Ed: displacement energy)
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Considering prior binary collision approximation calculational studies, a replacement-to-

vacancy ratio below ~1 for the Fe test case seems low by a factor of ~3 to 10. An early 

approximate analysis by Kinchin and Pease predicted that the replacement per vacancy ratio 

should always be larger than one [27]. For binary collision approximation calculations, the 

replacement to vacancy ratio calculated by MARLOWE (Table 4) is around 1 to 7 for reasonable 

values of the spontaneous recombination distance (1-3.3 𝑎0). In Table 4 and Fig. 5, the 

recombination radius of 3.3 𝑎0 is a value calibrated using MD results in Fe at different energies 

to achieve similar vacancy production values between MARLOWE and MD [32, 33], with a 

corresponding MARLOWE replacement to vacancy ratio of 6.8. Experimental [34-36] and 

computational [29, 37-40] studies have provided estimates of the spontaneous recombination 

distance for Fe and other mid-atomic number elements. These studies suggest that the 

appropriate value falls within the range of ~2.0-3.4 𝑎0, with the most recommended value for Fe 

being around 2.2 𝑎0 [29]. Therefore, the replacement-to-vacancy ratio for 2 MeV self-ion 

irradiated Fe as calculated by MARLOWE is ~3. Demange et al. [41] obtained higher 

replacement values in Cu by using MARLOWE and a recombination radius of 2.2 𝑎0, but it is 

unclear what other modifications they made to attain these results. 

Evaluations of the replacement per vacancy ratio from experimental order-disorder 

studies [42] and MD simulations [43] indicate much higher values than calculated using binary 

collision approximation codes. For example, Fig. 6 shows the average atomic displacements 

obtained in 10 keV cascades in Fe estimated by MD simulations as reported in Ref. [12]. The 

average number of Frenkel pairs produced was 34, and the total number of atoms displaced more 

than one-half of the nearest neighbor distance (0.248 nm) was 342. One can assume that the 

atoms displaced more than one-half of the nearest neighbor distance comprise both replacements 
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and stable interstitials. In this scenario, the number of replacements would be 342-34 =308, and 

the replacement to vacancy ratio would be 9.1. Higher ratios were observed for higher energies 

and higher temperatures. As reviewed in Ref. [42], typical experimental estimates of replacement 

per vacancy ratios are ~2 for near-threshold electron irradiations and ~50 for energetic 

displacement cascade irradiations; the latter value is relevant for 2 MeV Fe irradiated Fe. This 

quantitative underestimation of replacement events by binary collision approximation codes may 

be attributed to the lack of consideration of replacement events from different branches of the 

displacement cascade (such effects are correctly evaluated in MD simulations) as well as a 

breakdown in the applicability of the binary collision approximation for velocities lower than the 

speed of sound (corresponding to ~10 eV in Fe) [17]. In summary, the expected replacement per 

vacancy ratio for energetic cascades in Fe as calculated by binary collision approximation codes 

is ~1 (using revised SRIM and Iradina F-C calculations with 𝐸𝑓 = 𝐸𝑟 = 𝐸𝑑 as well as 

MARLOWE calculations with a recombination radius near 1 𝑎0). This is well below the value of 

~50 (estimated from experimental and MD studies) and is attributed to shortcomings of binary 

collision approximation codes to simulate multi-body and near-threshold in-cascade 

recombination events. Even greater discrepancies regarding the number of replacements per dpa 

are produced if the current SRIM and Iradina default values for 𝐸𝑓 and 𝐸𝑟 are used for the 

calculations. 
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Fig 6. MD simulation depicting the average atom movement during atomic displacement cascades in Fe, 
specifically for eight 10 keV cascades at a temperature of 100K. The vertical black bars represent the total 
movement of the primary knock-on atom (PKA). Out of the total of 250,000 atoms, 249,658 atoms have 
been displaced below 0.5dnn (0.124 nm). (Adapted from Ref. [12].)
 

4.3 Evaluation of SRIM code for dpa calculation

4.3.1 Collision Details

An examination of the "collision.txt" files in the SRIM F-C reveals a noticeable error in the 

calculation of vacancy production for near-threshold collisions when using the default value of 

𝐸𝑓 (as shown in Fig. 7a). This serves as clear evidence that the vacancy counting algorithm in 

SRIM F-C is flawed. However, setting 𝐸𝑓 equal to 𝐸𝑑 (Fig. 7b) results in a reasonable number of 

produced vacancies for near-threshold collisions, which should be zero for 𝐸2 < 𝐸𝑑 and one for 
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𝐸𝑑 <  𝐸2 < 2.5𝐸𝑑 (with 𝜅 = 0.8). For higher energies (𝐸2 ≥ 2.5𝐸𝑑), the maximum vacancy 

production limit can be estimated from Eq. 1 by setting the recoil energy equal to the damage 

energy 𝑇𝑑 (i.e., ignoring parasitic ionization energy losses). In Figs. 7a and 7b, the pink dashed 

lines show the boundary above where no vacancies can be produced (yellow shaded areas). The 

calculated plot of vacancies vs. recoil energy with the default 𝐸𝑓 (Fig. 7c) also shows an 

unreasonable trend of excessive vacancy production and underestimated replacements, while the 

plot for the corrected 𝐸𝑓 equal to 𝐸𝑑 (Fig. 7d) reflects SRIM F-C calculated vacancy production 

in general agreement with the NRT damage model and a higher dependence of replacement 

production on the recoil energy.
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Fig 7. Comparison of vacancy production and recoil energy for 2 MeV Fe ions in Fe target. The data is 
obtained from the SRIM "collision.txt" file using the F-C option. The plot includes near-threshold events 
(a-b) and events with recoil energy up to 0.2 MeV (c-d), with final energy values of 1 eV (default) and Ed. 
The pink dashed lines indicate the boundary beyond which no vacancies can be produced, as depicted by 
the yellow shaded areas.

With SRIM F-C calculation, it is possible to track the detailed energy losses associated 

with ionization (including primary ion and recoil target atoms), and thereby obtain an integrated 

damage energy that can be used in Eq. 1 to calculate vacancy production. This F-C method is 

superior to the SRIM Q-C mode, which is based on an approximate analytic function fitted to the 

LSS stopping power [31] and is only strictly valid for Z1=Z2 and low to intermediate energies 

(<25 keV/nucleon). The F-C method uses the generally more accurate SRIM stopping power 

database and should calculate the effective damage energy for compound targets (e.g., UO2 and 

SiC) more accurately. As shown in Fig. 4b, the vacancy production calculated by the damage 

energy method agrees well with the vacancy.txt result in SRIM F-C if 𝐸𝑓 equal to 𝐸𝑑 is used. It 

is worth noting that using Eq. 1 to convert damage energy to vacancies may slightly 

underestimate the vacancy production, as the NRT defect production equation at damage 

energies between 𝐸𝑑 and 2.5𝐸𝑑 is greater than this linear expression. 

4.3.2 Different methods for vacancy calculation

In the present study, although revising the final energy (𝐸𝑓) appears to correct the 

overestimation of vacancy production in SRIM full-cascade vacancy.txt calculations (with minor 

impact on the F-C damage energy vacancy calculation), minor deviation still persists between the 

SRIM F-C(V) method to SRIM F-C(E) method with 𝐸𝑓 = 𝐸𝑑 (Fig. 4b). Stoller et al. [7] reported 

that SRIM's phonon output files can also be used for damage energy calculations. The term 
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"phonon" in SRIM is ambiguous because in the SRIM document [19], "phonons" are described 

as if they represent the number of phonons, but the output files indicate that they represent an 

energy, presumably the energy dissipated during the production of phonons. The phonon table in 

the SRIM output file is given as phonons/Angstrom-ion. However, the damage energy equations 

seem to work well assuming units of eV/Angstrom-ion (or assuming all phonons to possess an 

energy of 1 eV). Ultimately, most of this energy is distributed as lattice vibrations or phonons. In 

this study, we found that the "phonon.txt" output file (with SRIM F-C calculation) contains all 

phonon energy in the "PHONONS by RECOILS" column. Adding both the "PHONONS by 

ION" and "PHONONS by RECOILS" columns for damage energy calculation would result in an 

excessive total phonon energy.

A comprehensive comparison of various methods for calculating the damage energy is 

presented in the Appendix. In general, the calculated depth-dependent vacancy production for a 

given material depends on particle energy and target material. There is no simple ratio that can 

be used to convert between different SRIM methods, even for the same target material. This 

caution stems from SRIM's known anomalies in binning and energy transfer [9]. Through 

extensive investigation with different incident ion and target elements, we have verified the 

agreement between damage energy-calculated vacancies and the values in the vacancy.txt file 

when the final energy (𝐸𝑓) is set to 𝐸𝑑 in SRIM. In contrast, a significant discrepancy arises 

when using SRIM's default value of 𝐸𝑓 = 1 𝑒𝑉. This discrepancy is due to SRIM incorrectly 

identifying subthreshold collisions (which should result in replacements) as vacancies as 

discussed in the previous section. A thorough analysis of the output files (detailed in the 

Appendix) has enabled us to identify the three most recommended calculation methods for the F-

C option, as summarized in Table 2. 
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Fig. 8 compares methods from Ref. [9] with our modified methods (Table 2). It also 

validates SRIM's phonon and recoil damage energy calculations using corrected 𝐸𝑓. Notably, for 

the 10 MeV Fe into Fe case, the SRIM F-C(V) method with default 𝐸𝑓 (1 eV) differs 

significantly from the modified F-C(V) method with 𝐸𝑓=𝐸𝑑, as well as the recoil damage energy 

(F-C (E)) and phonon damage energy (F-C (P)) methods with or without 𝐸𝑓 correction. The F-

C(E) method with default 𝐸𝑓 and F-C(V) with default 𝐸𝑓 shows the highest discrepancy of 1.75, 

while other methods range from 0.91 to 1.11. In Figs. 8b and 8c, no significant difference is 

observed between F-C(E) and F-C(P) methods and the modified versions. Changing 𝐸𝑓 from 1 

eV to 𝐸𝑑= 40 eV increases the total vacancies due to changes in "IONIZ. by RECOILS" and 

"PHONONS by RECOILS" in corresponding files. In SRIM, all of the energy for ions with 

energy below 𝐸𝑑 ultimately appears as target phonons. SRIM tutorial indicates 𝐸1 energy is 

released as phonons after a replacement collision, thus affecting vacancy profiles predicted by F-

C(E) and F-C(P) methods (Figs. 9b and 9c) if 𝐸1 or 𝐸2 recoil energy falls below 𝐸𝑑. 
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Fig 8. Comparison of various SRIM vacancy calculation methods for 10 MeV Fe ions in a Fe target: (a) 
Vacancy.txt methods, (b) Recoil damage energy methods, (c) Phonon energy methods, and (d) dpa depth 
profiles. (F-C: full cascade option, Q-C: quick calculation option, “(V)”: vacancy.txt method, “(E)”: recoil 
damage energy method, “(P)”: phonon energy method, mod: modified)

Our primary recommendation is to use the modified SRIM F-C(V) method with the 

corrected 𝐸𝑓 = 𝐸𝑑, as summarized in Table 5. This approach eliminates the need for manual 

damage energy calculations and is expected to yield the most accurate dpa profile. SRIM users 

should note a disparity in how the "vacancy.txt" file summarizes the total number of vacancies 

for Q-C and F-C options. In the case of Q-C, calculating the total vacancy production requires 

integrating the values found in the 2nd (primary ion vacancies) and 3rd columns (recoil target 
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vacancies) of the "vacancy.txt" file. Conversely, in the case of F-C, total vacancy production is 

obtained from the values in the 3rd column (labeled “target vacancies”) in the vacancy.txt file. 

For typical self-ion irradiation conditions such as Fig. 8d, the sum of “Target Element 

Vacancies” column and the “Ion Element Knock-Ons” produces an ~5% overestimate of 

vacancy production. It should be noted that Ref. [9] incorrectly recommended to add the two 

vacancy columns together for calculating total vacancy production. Overall, good agreement on 

vacancy production is obtained using the 3rd column in 𝐸𝑓-corrected SRIM F-C vacancy.txt and 

values obtained from the SRIM F-C damage energy methods (refer to Appendix). For targets 

with more than one element, the sum of columns 3 to n+2 in the “vacancy.txt” file needs to be 

calculated, where n represents the total number of target elements. Moreover, these values agree 

with the 𝐸𝑟-corrected Iradina method, as illustrated in Fig. 4b and 8d. Additionally, the recoil 

damage energy (SRIM F-C(E)) and phonon energy (SRIM F-C(P)) methods recommended in 

Ref. [9] also require modification (summarized in Table 5) to ensure energy balance. When 

manually computing the damage energy using SRIM F-C(E) and SRIM F-C(P) methods, it is 

suggested that 𝐸𝑓 should be set to 𝐸𝑑. However, using either 𝐸𝑓= 1 eV or 𝐸𝑑 will yield 

acceptable accuracy (within 5%) for the two damage energy methods.

To prevent misleading comparisons of data obtained from different experiments, it is 

crucial for future studies to thoroughly describe how they calculated the reported dpa values. 

This description should include the simulation code (including version/year) and mode used (F-C 

or Q-C option), the total ion fluences, the incident ion energy, and the displacement energy (or 

“energies” for targets with multiple elements). In the upcoming SRIM version, an update is 

planned to allow users to modify the final energy within the graphical user interface, addressing 

the replacement and vacancy production issues. 
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4.4 Evaluation of Iradina code for dpa calculation

In Fig. 4b, the 𝐸𝑓-corrected SRIM and 𝐸𝑟-corrected Iradina F-C vacancy text file 

calculations are generally in agreement with the SRIM F-C(E) method. Besides, near-surface and 

end-of-range anomalies observed in rare cases when using the SRIM F-C(E) method [9] were not 

noticeable in the 𝐸𝑓-corrected SRIM F-C(V) and 𝐸𝑟-corrected Iradina predictions (Figs. 2 and 

3). Overall, the ratio of vacancy production from SRIM F-C(V) to Iradina F-C was between 

0.95-1.09. The only exceptions were the Ni, Cu, and Au targets, with ratios between 1.09-1.25. 

These discrepancies are likely due to differences in the stopping power databases used in Iradina 

and SRIM-2013. Although in general SRIM is considered to have the most accurate stopping 

power database, some notable discrepancies have been observed even for SRIM-2013 (the most 

recent stopping power database). For example, STEM energy dispersive X-ray spectroscopy 

(STEM-EDS) and secondary ion mass spectrometry (SIMS) experimental methods found that 

SRIM-2013 overestimates the peak position of implanted 8 MeV Ni ions in Fe, causing a shift of 

~700 nm toward the sample surface [44, 45]. However, this discrepancy was not observed when 

using the earlier stopping power database in SRIM-1998. Overall, given that both SRIM and 

Iradina codes use similar stopping power databases and presumably use similar calculational 

methods, it is expected that the differences should be minimal. SRIM has updated its database 

over time, while Iradina has relied on the Corteo database, which was derived from the SRIM 

2003 database. 

In many multi-element systems, replacements (not as calculated by SRIM) are very 

important, leading to anti-site defects in ordered alloys and covalent compounds, as well as 

cation anti-sites in ionic compounds. It is important to note that while SRIM only allows for a 
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single assignment of 𝐸𝑓 per calculation, Iradina allows for individual 𝐸𝑟 values for each element 

in the target. This discrepancy may result in differences for compounds composed of multiple 

elements with varying displacement energies. For 1 MeV Xe in UO2 (Figs. 2b and 3b), SRIM 

calculated the number of replacements as 495 and 4402 with 𝐸𝑓=1 eV and 𝐸𝑓=24 eV, 

respectively. In the case of Iradina, the number of replacements for 1 MeV Xe in UO2 were 556 

and 3516 with 𝐸𝑟=-1 eV and 𝐸𝑟=20 eV (for O) and 40 eV (for U). The replacement to vacancy 

ratios for the 𝐸𝑓-corrected SRIM and 𝐸𝑟-corrected Iradina cases were 0.42 and 0.30, 

respectively. These ratios were 21-57% lower than the single element Fe cases (0.53-0.69, as 

shown in Table. 4). Further research into the impact of replacement energy on replacement 

production in multi-element targets, such as high-entropy alloys, would shed light on the 

complexities of collision events in these materials. Additionally, Iradina defines a minimum 

energy (𝐸𝑚) below which a moving atom is considered stopped, similar to 𝐸𝑓 in SRIM. If 𝐸𝑟 

only impacts the counting of vacancies/replacements and 𝐸𝑚 serves for energy transfer 

calculation, both F-C(V) and F-C(E) methods may produce similar outcomes in Iradina. 

Extracting energy transfer information from Iradina to calculate damage energy and conducting 

F-C(E) calculations could verify the accuracy of Iradina's energy transfer algorithm and improve 

the accuracy of vacancy or dpa calculations.

We have developed IRAD, a new open-source graphical user interface (GUI), for 

performing SRIM-like vacancy production and implanted ion profile calculations. An updated 

database for 𝐸𝑑 and 𝐸𝑏 is used for the IRAD calculation. The IRAD package, which includes the 

application software, source code, installation instructions, and user manuals, can be found at 

https://code.ornl.gov/liny/irad. Currently, the application software is only available for Windows 

systems. IRAD performs 𝐸𝑟-corrected Iradina calculations and automatically calculates the dpa 

https://code.ornl.gov/liny/irad
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and implanted ion concentration, taking the total ion fluence into account. Additional results, 

such as ion and recoil trajectories, final ion positions, stopping power distribution, etc. can also 

be obtained. Advanced manual settings allow changing the stopping power database, incident ion 

angle, 3D target simulations, etc. The IRAD GUI only sets parameters for Iradina calculations 

and runs them. Major changes to the vacancy/replacement counting or energy transfer algorithms 

must be done in the Iradina source code. Fig. 8d displays an example of the depth profile of dpa 

calculated using IRAD for 10 MeV Fe ions into a Fe target, at a total fluence of 1019 ions/m2. 

The results demonstrate a good agreement with the modified SRIM F-C(V) method and the two 

damage energy methods, exhibiting an error <10%. IRAD and the Iradina code are works in 

progress and are expected to be improved in the future. Iradina CEA GUI on sourceforge will be 

updated to incorporate easily the two choices of 𝐸𝑟 = 𝐸𝑏 (for consistency with past SRIM F-C 

calculations) or 𝐸𝑟 = 𝐸𝑑 to provide accurate calculations of vacancy production and 

replacements. Future improvements to the IRAD software could involve updating the binding 

energy database for a range of covalent and ionic compounds, as the binding energy in 

compound materials (e.g., UN or UO2) should depend on the composition and be different from 

what they are in elemental solids (e.g., U). Feedback and suggestions from users are welcome. 

5 Conclusions

The SRIM code is widely used in studies involving ion irradiation to predict the depth 

profile of injected ion concentration as well as the number of vacancies, which is an indicator of 

radiation damage. However, there is an issue with the traditional SRIM F-C vacancy.txt method 

as it predicts approximately 2-3 times more vacancies than the SRIM F-C recoil damage energy 
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or phonon energy methods, as well as SRIM Q-C and MARLOWE binary collision calculations. 

This discrepancy can cause confusion when reporting SRIM dpa values and may lead to a 

significant overestimation of calculated dpa values at the mid-depth range, where most ion-

irradiation effects are studied. While the physics equations presented in the SRIM book and user 

manual are generally accurate, there is an apparent shortcoming in the "black box" SRIM model 

for near-threshold collisions. Based on our inspection of the SRIM and Iradina codes, it is 

proposed that the final energy (𝐸𝑓) in SRIM and the replacement energy (𝐸𝑟) in Iradina should 

be set equal to the displacement energy to address the overestimation of vacancy production and 

the large underestimation of the number of replacements in full-cascade calculations. IRAD, a 

new GUI that takes the total ion fluence into account and automatically calculates the dpa and 

implanted ion concentration, was developed to perform 𝐸𝑟-corrected Iradina calculations. Good 

agreement is obtained between the 𝐸𝑓-corrected SRIM and 𝐸𝑟-corrected Iradina calculations. If 

the SRIM source code cannot be released to the public, Iradina (as an open-source code) may be 

a prospective platform that can be continually improved and revised to support the research field 

of ion irradiation and radiation effects in materials. To avoid misleading data comparisons, future 

radiation effects studies must clearly describe how they calculated the reported dpa values.
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Appendices

A1. Evolution of displacement calculations

The Kinchin and Pease (KP) model [27] and the original NRT model [13] (modified Kinchin-

Pease model) are two of the most renowned models in displacement calculations. The following 

equations (Eqs. A-1 and A-2) present a summary of the number of displacements generated by 

recoil with a specified PKA energy using both models. The NRT model introduces essential 

modifications to the KP model, including the displacement efficiency (𝜅), which accounts for 

decreased scattering cross-section compared to the hard sphere approximation in the KP model, 

and the damage energy (𝑇𝑑) term that reduces the recoil kinetic energy to account for energy lost 

to the electronic system (i.e., ionization energy). In reality, there is not a single cut-off energy for 

a PKA to lose energy to either atomic nuclei or electrons, as assumed in the KP model. The 

definition of terms in these equations are summarized in Table A.1. 

I. Kinchin and Pease [27]

II. Original NRT (modified Kinchin-Pease) [13]
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Table A.1. Definition of symbols used for the Kinchin-Pease and NRT models

Term Definition Typical or recommended value

𝐸𝑝
atomic recoil energy, PKA 
energy

--

𝑇𝑑

damage energy, amount of PKA 
energy dissipated in elastic 
collisions

calculate from LSS stopping 
powers

𝑣
number of displacements 
created by recoil with specified 
PKA energy

--

𝜅
correction factor to account for 
realistic (as opposed to hard 
sphere) atomic scattering

0.8

𝐿∗ cascade multiplication threshold 2𝐸𝑑/𝜅 or 100 eV in NRT model

𝐸𝑑
atomic displacement threshold 
energy

40 eV (for Fe)

𝐸𝑐𝑎𝑝
maximum energy below which a 
vacancy will capture an atom

40 eV (for Fe)

𝐸𝑏
atomic binding energy to lattice 
site

0*

* Model dependent: 𝐿 = (𝐸𝑑 + 𝐸𝑐 + 𝐸𝑏) 𝜅, K-P and NRT use 𝐸𝑑 = 𝐸𝑐𝑎𝑝 and 𝐸𝑏 = 0

Robinson and Oen [30] noted an inconsistency in the original NRT formulation that arises 

from using damage energy calculated from a model that is independent of any consideration of a 

threshold in a threshold-based displacement model. They argue that 𝑣(𝐿) in Eq. A-2c should equal 

1. However, since 𝑇𝑑(100)=86.63 eV and L=100, 𝑣(𝐿) < 1. This can be corrected by replacing L 

with 𝑇𝑑(𝐿) in Eq. A-2. This increases the number of displacements in Eq. A-2c by the ratio of 

100/86.63=1.15.
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Alternately, if 40 eV is the actual displacement threshold measured in an experiment (e.g., by 

HVEM irradiation), this implies that 𝐸𝑝=40 eV is the minimum PKA energy for a stable 

displacement. However, note that for 𝐸𝑝=40 eV, 𝑇𝑑(𝐸𝑝)=35.3 eV and the requirement for a stable 

displacement in Eq. A-2b is that the damage energy, not the PKA energy, exceed 40 eV. This can 

be corrected by using 𝑇𝑑(𝐸𝑑) as the effective displacement threshold in Eq. A-2. This increases 

the number of displacements in Eq. A-2c by the ratio of 40/35.3=1.13.

A2. Comparison of different damage energy methods using SRIM for displacement 
calculations

In SRIM, there are six types of energy loss as summarized in Table A.2. According to the 

SRIM documentation [1, 19], the total energy loss equals the incident ion energy (𝐸0
𝑖 ) when all 

ions come to a stop within the sample and presumably no sputtered ions carry away any kinetic 

energy. This can be expressed as the sum of individual energy losses (assuming that all the energy 

of the ion is deposited in the specimen), 𝐸0
𝑖 = 𝐸𝐼

𝑖 + 𝐸𝐼
𝑇 + 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 + 𝐸𝑃

𝑖 + 𝐸𝑃
𝑇. This relationship 

should hold true for both SRIM F-C and Q-C modes. However, upon manually calculating the sum 

of the six energy loss terms (𝐸𝑡𝑜𝑡𝑎𝑙), we found that the sum is slightly larger than the input ion 

energy (𝐸0
𝑖 ), that is, 𝐸𝐼

𝑖 + 𝐸𝐼
𝑇 + 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 + 𝐸𝑃

𝑖 + 𝐸𝑃
𝑇 = 𝐸𝑡𝑜𝑡𝑎𝑙 > 𝐸0

𝑖 . In other words, the sum of the 

six energy loss terms does not equal the incident ion energy as stated in the SRIM documentation. 

In general, for the SRIM F-C mode, such errors are minimized when subtracting the energy lost to 

vacancy binding energy (𝐸𝐵
𝑖 ) and phonons (𝐸𝑃

𝑖 ) from the total beam energy (𝐸𝑡𝑜𝑡𝑎𝑙), resulting in 𝐸0
𝑖

≅𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝐵
𝑖 ― 𝐸𝑃

𝑖 . This unequivocally indicates that the beam energy loss terms related to 

vacancy binding energy (𝐸𝐵
𝑖 ) and phonons (𝐸𝑃

𝑖 ) are encompassed within the target atom energy 

loss terms (𝐸𝐵
𝑇 and 𝐸𝑃

𝑇, respectively). In the case of the Q-C option, 𝐸0
𝑖 ≅𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝑃

𝑖 , without an 
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additional subtraction of 𝐸𝐵
𝑖 . Table A.3 summarizes the energy balance for various cases. The 

parentheses in the tables indicate the total energy ratio, which is obtained by dividing the calculated 

total energy loss by the input incident ion energy.

Table A.2. Definition of symbols used for the damage energy methods.

Term Definition Notes
𝐸𝐼

𝑖 Beam energy lost to ionization “Ioniz. by ions” in IONIZ.txt
𝐸𝐼

𝑇 Target atom energy lost to ionization “Ioniz. by recoils” in IONIZ.txt

𝐸𝐵
𝑖

Beam energy lost to lattice binding energy “Ion knock-ons” in 
VACANCY.txt. (𝐸𝐵

𝑖 = 𝐸𝑏 × 𝑣𝑖)

𝐸𝐵
𝑇

Target atom energy lost to lattice binding 
energy

“Target vacancies” in 
VACANCY.txt. (𝐸𝐵

𝑇 = 𝐸𝑏 × 𝑣𝑇)

𝐸𝑃
𝑖

Beam energy lost to phonon production “Phonons by ions” in 
PHONON.txt

𝐸𝑃
𝑇

Target atom energy lost to phonons “Phonons by recoils” in 
PHONON.txt

𝐸0
𝑖 Incident ion or beam energy SRIM input parameter

𝐸𝑡𝑜𝑡𝑎𝑙
Sum of the six types of energy loss in 
SRIM

The integration of energies and 
depths is needed

𝐸0
𝑇

Beam energy lost to target atoms “Energy from ions” in 
E2RECOIL.txt

𝐸𝑇
𝑖

Beam energy absorbed by target atoms “Energy absorbed by target” in 
E2RECOIL.txt

* 𝐸𝑏 and 𝑣 represent the binding energy and the number of vacancies, respectively

Table A.3. Summary of energy balance for the various SRIM calculation cases.

FC (Ef=1) FC (Ef=Ed) QCSRIM 
calculations 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝐵

𝑖 ― 𝐸𝑃
𝑖 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝑃

𝑖 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝐵
𝑖 ― 𝐸𝑃

𝑖𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝑃
𝑖 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝐵

𝑖 ― 𝐸𝑃
𝑖 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝑃

𝑖
10 MeV Fe 

into Fe
10,009,191 

(1.0009)
10,012,446

(1.0012)
10,001,047

(1.0001)
10,004,306

(1.0004)
9,996,915
(0.9997)

9,999,999
(1.0000)

10 MeV Au 
into Au

10,090,117 
(1.0090)

10,091,942
(1.0092)

10,017,904
(1.0018)

10,019,737
(1.0020)

9,998,220
(0.9998)

9,999,999
(1.0000)

10 MeV Au 
into Li

9,976,486
(0.9976)

9,978,905
(0.9979)

9,999,534
(1.0000)

10001952
(1.0002)

9,997,749
(0.9998)

9,999,999
(1.0000)

1 MeV H 
into Li

999,739
(0.9997)

999,745
(0.9997)

999,964
(1.0000)

999970
(1.0000)

999,994
(1.0000)

999,999
(1.0000)

1 MeV H 
into Au

999,936
(0.9999)

999,963
(1.0000)

999,663
(0.9997)

999,689
(0.9997)

999,690
(0.9997)

999,714
(1.0000)
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The SRIM energy output files can be used to obtain the damage energy for the NRT model. 

However, various expressions have been proposed, leading to disparate calculated values. For any 

damage energy calculation method, it is crucial to adhere to the energy balance as discussed in the 

previous paragraph and compared in Table A.2. To investigate the variations among different 

methods of calculating damage energy, we performed 21 additional SRIM calculations using F-C 

and Q-C options. These calculations involved Fe ions into Fe, Au ions into Au, Au ions into Li, H 

ions into Au, and H ions into Li (Tables A.3-A.9). The final energy (𝐸𝑓) was set to the 

displacement energy (𝐸𝑑), deviating from the default 1 eV, and the binding energy (𝐸𝑏) was set to 

zero in certain cases to assess changes in energy loss. The purpose of examining the damage energy 

values is primarily to demonstrate that the modification using Ef=Ed yields self-consistent results 

between the vacancy.txt file and the various expressions for damage energy. After conducting a 

thorough analysis of the output files, we have identified the two most appropriate damage energy 

calculation methods to recommend for the F-C option:

(1) D2
**:  𝑇𝑑 = 𝐸0

𝑖 ― 𝐸𝐼
𝑖 ― 𝐸𝐼

𝑇

(2) D1
*:  𝑇𝑑 = 𝐸𝑇

𝑖 ― 𝐸𝐼
𝑇 + 𝐸𝑃

𝑖

For most cases, D2
**=D1

*. However, since the original definition of damage energy (Td) pertains 

to the fraction of PKA energy that dissipates through elastic collisions with lattice atoms, D2** 

appears to be the most unambiguous reference case for damage energy in SRIM. To provide a 

detailed explanation of how we arrived at these recommendations, we will elaborate in the 

following paragraphs.

The user documentation for the SRIM program lacks precise definitions for several of the 

parameters summarized in the SRIM output files. This ambiguity makes it challenging to 

determine the appropriate SRIM output file parameters to use for damage energy calculations. 
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From the output files of these SRIM calculations, we employed nine different methods to calculate 

the damage energy (𝑇𝑑). These equations were ultimately used to confirm the SRIM methodology 

(different for Q-C and F-C options) for the definitions of the tabulated energy values in the 

“e2recoil.txt”, “ioniz.txt”, “phonon.txt”, and “vacancy.txt” output files. In the supplemental file of 

Ref. [9], Agarwal et al. proposed three methods for calculating damage energies:

(1) D1:  𝑇𝑑 = 𝐸𝑇
𝑖 ― 𝐸𝐼

𝑇

(2) D2:  𝑇𝑑 = 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 ― 𝐸𝑃

𝑖

(3) D3:  𝑇𝑑 = 𝐸𝑃
𝑇 ― 𝐸𝑃

𝑖

Assuming 𝐸0
𝑖 = 𝐸𝑡𝑜𝑡𝑎𝑙, the original definition of the damage energy is given by 𝑇𝑑 = 𝐸0

𝑖 ― 𝐸𝐼
𝑖 ― 𝐸𝐼

𝑇, 

and the energy balance equation 𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝐼
𝑖 + 𝐸𝐼

𝑇 + 𝐸𝐵
𝑖 + 𝐸𝐵

𝑇 + 𝐸𝑃
𝑖 + 𝐸𝑃

𝑇 yields the variants of D2 

and D3 as:

(4) D2
*:  𝑇𝑑 = 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇

(5) D3
*:  𝑇𝑑 = 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 + 𝐸𝑃

𝑖 + 𝐸𝑃
𝑇

However, we observed that 𝐸0
𝑖 ≠ 𝐸𝑡𝑜𝑡𝑎𝑙. Specifically, 𝐸0

𝑖 ≅𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝐵
𝑖 ― 𝐸𝑃

𝑖  and 𝐸0
𝑖 ≅𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝑃

𝑖  for 

F-C and Q-C option, respectively. Therefore, D2 and D3 can be further adjusted as follows:

(6) D2
**:  𝑇𝑑 = 𝐸0

𝑖 ― 𝐸𝐼
𝑖 ― 𝐸𝐼

𝑇

(7) D3
**: 𝑇𝑑 = 𝐸𝐵

𝑇 + 𝐸𝑃
𝑇 (for the F-C option)

(8) D3
***: 𝑇𝑑 = 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 + 𝐸𝑃

𝑇 (for the Q-C option)

As for the D1 method, we found that 𝐸𝑇
𝑖 ― 𝐸𝐼

𝑇 < 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇, showing a missing amount of 

energy that makes the calculated number of vacancies using D1 lower that the others. By analyzing 

the numbers from the output files, we were able to get good agreement for D1
* (modified D1), 

D2**, and D3** using the following equation:

(9) D1
*:  𝑇𝑑 = 𝐸𝑇

𝑖 ― 𝐸𝐼
𝑇 + 𝐸𝑃

𝑖
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Using the calculated damage energies, we calculated the total number of vacancies (𝑣) by 

applying the formula 𝑣 = (0.8 × 𝑇𝑑)/(2 × 𝐸𝑑), which is summarized in Tables A.4-A.8. Note that 

the expression 𝑣 = (0.8 × 𝑇𝑑)/(2 × 𝐸𝑑) to convert damage energy to vacancies should give a 

slight underestimate of the vacancy production since the NRT defect production equation at 

damage energies below 2.5𝐸𝑑 (Eqs. A-2a and A-2b) is slightly more than this linear expression. 

The parentheses in the tables indicate the total vacancy ratio, obtained by dividing the calculated 

vacancy number by the number of vacancies calculated by the D2
** method using the F-C method 

with default 𝐸𝑓= 1 eV.

Compared to SRIM uncorrected-F-C(V), Q-C(V), and Q-C(E) methods, Agarwal et al. [9] 

concluded that the SRIM F-C(E) method generally provides better accuracy for vacancy 

production. Their recommendation aimed to use the more accurate SRIM stopping power database 

and avoid the vacancy overestimation issue of the SRIM F-C(V) method. However, certain 

noticeable problems arise with the depth-dependent profile in the SRIM F-C(E) method, 

particularly near the surface and the ion's end of range for specific combinations of projectile and 

target masses. These issues, visible in Figs. 2 and 3, result from interval binning problems in SRIM 

[9]. In addition, for the modified phonon energy method, it is important to consider the lattice 

binding energy if it is not set to zero in SRIM calculations. In such cases, the loss terms related to 

binding energy (vacancies×𝐸𝑏) should also be included when calculating 𝑇𝑑. This consideration, 

which was not addressed in Ref. [9], would slightly impact the values obtained through the SRIM 

F-C(P) method (Fig. 8c), ensuring the energy balance is maintained. 

Based on the calculation results of the total number of vacancies using different damage 

energy methods, our findings include:
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1. The calculated damage energies for all investigated methods/equations (D1-D3 and their 

variants) increase between the 𝐸𝑓=1 eV cases and the 𝐸𝑓=𝐸𝑑 cases (by a few percent). From 

our analysis, the 𝐸𝑓=𝐸𝑑 case is the more accurate scenario. For 𝐸𝑓=1 eV, the recoil ionization 

loss term is larger (D1
* and D2**), and the recoil energy lost to lattice binding energy is 

smaller for D3** (𝐸𝑏 is only counted if the recoil energy is >𝐸𝑐). 

2. The damage energy for any of the D1-D3 variant methods consistently decreases when the Eb 

and Es terms are reduced to zero. One would expect that setting these parasitic terms to zero 

would result in more energy available for nuclear collisions. From the Iradina code sequence 

of events when the target recoil energy is >𝐸𝑐,  the free flight path and direction for the 

subsequent collision is first calculated, then the recoil energy is reduced by 𝐸𝑏 prior to 

calculating the ionization energy losses incurred enroute to the next atomic collision. 

Therefore, the starting recoil energy for the nuclear collision calculation is different (higher) 

compared to that for the ionization loss calculation. Larger 𝐸𝑏 values will result in smaller 

ionization energy losses prior to the subsequent collision. 

3. Taking into account the energy balance equation, it is observed that the damage energy 

method D2* precisely equals D3*, while D2** approximately equals D3**. It would be useful 

to conduct a thorough investigation into how SRIM defines and calculates the six energy loss 

terms. This examination serves two purposes: first, to accurately determine the damage 

energy; and second, to identify any potential coding errors that may exist within the SRIM 

code.

4. If the binding energy (𝐸𝑏) is not set to zero, it may be necessary to consider the energies lost 

to lattice binding (𝐸𝐵
𝑖 and 𝐸𝐵

𝑇) when calculating the damage energy involving the phonon 
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energy terms (𝐸𝑃
𝑖 and 𝐸𝑃

𝑇). This consideration was not taken into account in Ref. [9], where 

binding energies were not set to zero.

5. For all the investigated cases, the calculated damage energies and total number of vacancies 

using D1 are lower than those obtained with D2 and its variants. Note that this statement is 

applicable only to D1 and not its variant D1
* which is numerically equivalent to D2

**. 

However, in theory, 𝐸0
𝑖 ― 𝐸𝐼

𝑖 should be equal to 𝐸𝑇
𝑖 , suggesting that D1 and D2 (or one of the 

variants) should yield the same result. The observed discrepancy clearly indicates that 𝐸0
𝑖 ―

𝐸𝐼
𝑖 ― 𝐸𝐼

𝑇 > 𝐸𝑇
𝑖 ― 𝐸𝐼

𝑇, implying the presence of missing energy in 𝐸𝑇
𝑖 . Based on an analysis of 

the numbers from the output files, we assert that in SRIM F-C, 𝐸0
𝑇≅𝐸0

𝑖 ― 𝐸𝐼
𝑖 ― 𝐸𝐵

𝑖 ― 𝐸𝑃
𝑖 .

6. When 𝐸𝑏 ≠ 0, the two columns in the E2recoil file (representing the beam energy lost to 

target atoms (𝐸0
𝑇) and the beam energy absorbed by target atoms (𝐸𝑇

𝑖 )) are not equivalent. 

Upon analyzing the numbers from the output files, we found that 𝐸𝑇
𝑖 ≅𝐸𝐼

𝑇 + 𝐸𝐵
𝑇 + 𝐸𝑃

𝑇 ― 𝐸𝑃
𝑖 . 

According to the energy balance equation, and considering 𝐸0
𝑇≅𝐸0

𝑖 ― 𝐸𝐼
𝑖 ― 𝐸𝐵

𝑖 ― 𝐸𝑃
𝑖 , the 

difference between 𝐸𝑇
𝑖  and 𝐸0

𝑇 is equivalent to 𝐸𝐵
𝑖 . Thus, when 𝐸𝑏 is set to zero, the values in 

the two columns of the e2recoil file become exactly the same, i.e., 𝐸0
𝑇 = 𝐸𝑇

𝑖 . This is 

apparently another idiosyncrasy of SRIM.

7. The “vacancy.txt” file summarizes the total number of vacancies differently for Q-C and F-

C. For Q-C, it is calculated by integrating the values in the 2nd and 3rd columns in the 

“vacancy.txt” file, whereas for F-C (after 𝐸𝑓=𝐸𝑑 correction), only the sum of the values in the 

3rd column is included in the calculation. This is likely because SRIM Q-C uses a completely 

different model for calculating recoil ion energy transfers compare to the primary ions, 

whereas SRIM F-C uses the same methodology for both primary and recoil ions.
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8. Similar to the error discovered in the previous case (finding 7) concerning the columns in the 

vacancy.txt file, Q-C phonon file requires the primary ion and recoil columns to be added to 

obtain the total phonon energy, whereas for F-C only the 3rd column should be used.

Table A.4. Summary of SRIM-calculated total vacancy numbers for 10 MeV Fe into Fe (Ed=40 eV, Eb=5.7 
eV, Es=4.3 eV). Parentheses in the tables show the total vacancy ratio obtained by dividing the calculated 
vacancy number by the D2

** method's vacancies calculated using the F-C option with Ef=1 eV.

Methods Damage energy F-C (Ef=1eV) F-C (Ef=Ed) Q-C
D1 𝐸𝑇

𝑖 ― 𝐸𝐼
𝑇 10058.84 (0.99) 10369.26 (1.02) 8872.06 (0.87)

D2 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 ― 𝐸𝑃

𝑖 10058.83 (0.99) 10369.29 (1.02) 8872.07 (0.87)
D3 𝐸𝑃

𝑇 ― 𝐸𝑃
𝑖 9144.74 (0.90) 9761.86 (0.96) 8353.23 (0.82)

D1* 𝐸𝑇
𝑖 ― 𝐸𝐼

𝑇 + 𝐸𝑃
𝑖 10208.58 (1.00) 10519.24 (1.03) 8997.49 (0.88)

D2* 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝐼
𝑖 ― 𝐸𝐼

𝑇 10482.78 (1.03) 10712.30 (1.05) 9122.92 (0.89)
D3* 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 + 𝐸𝑃

𝑖 + 𝐸𝑃
𝑇 10482.78 (1.03) 10712.30 (1.05) 9122.92 (0.89)

D2** 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 10208.57 (1.00) 10519.26 (1.03) 8997.50 (0.88)

D3** 𝐸𝐵
𝑇 + 𝐸𝑃

𝑇 10300.48 (1.01) 10529.74 (1.03) 8966.65 (0.88)
D3*** 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 +𝐸𝑃

𝑇 10333.03 (1.01) 10562.32 (1.03) 8997.49 (0.88)
Summary 

in 
vacancy.txt

-- 17325.00 (1.70) 10665.00 (1.04) 8945.00 (0.88)

Integration 
of 

vacancy.txt 
(col2+col3)

-- 17906.14 (1.75) 11215.18 (1.10) 8945.23 (0.88)

Integration 
of 

vacancy.txt 
(col3)

-- 17344.86 (1.70) 10653.42 (1.04) 8413.50 (0.82)

Table A.5. Summary of SRIM-calculated total vacancy numbers for 10 MeV Fe into Fe (Ed=40 eV, Eb=0 
eV, Es=0 eV). Parentheses in the tables show the total vacancy ratio obtained by dividing the calculated 
vacancy number by the D2

** method's vacancies calculated using the F-C option with Ef=1 eV.

Methods Damage energy F-C (Ef=1eV) F-C (Ef=Ed) Q-C
D1 𝐸𝑇

𝑖 ― 𝐸𝐼
𝑇 9930.35 (0.99) 10243.82 (1.02) 8872.06 (0.88)

D2 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 ― 𝐸𝑃

𝑖 9930.34 (0.99) 10243.86 (1.02) 8872.07 (0.88)
D3 𝐸𝑃

𝑇 ― 𝐸𝑃
𝑖 10029.28 (0.99) 10257.09 (1.02) 8872.05 (0.88)

D1* 𝐸𝑇
𝑖 ― 𝐸𝐼

𝑇 + 𝐸𝑃
𝑖 10080.09 (1.00) 10393.80 (1.03) 8997.49 (0.89)

D2* 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝐼
𝑖 ― 𝐸𝐼

𝑇 10328.76 (1.02) 10557.04 (1.05) 9122.91 (0.91)
D3* 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 + 𝐸𝑃

𝑖 + 𝐸𝑃
𝑇 10328.76 (1.02) 10557.04 (1.05) 9122.91 (0.91)

D2** 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 10080.08 (1.00) 10393.84 (1.03) 8997.50 (0.89)

D3** 𝐸𝐵
𝑇 + 𝐸𝑃

𝑇 10179.02 (1.01) 10407.07 (1.03) 8997.48 (0.89)
D3*** 𝐸𝐵

𝑇 + 𝐸𝑃
𝑖 +𝐸𝑃

𝑇 10179.02 (1.01) 10407.07 (1.03) 8997.48 (0.89)
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Summary 
in 

vacancy.txt
-- 18815.00 (1.87) 12247.00 (1.21) 8945.00 (0.89)

Integration 
of 

vacancy.txt 
(col2+col3)

-- 19410.26 (1.93) 12793.58 (1.27) 8945.23 (0.89)

Integration 
of 

vacancy.txt 
(col3)

-- 18848.98 (1.87) 12231.82 (1.21) 8413.50 (0.83)

Table A.6. Summary of SRIM-calculated total vacancy numbers for 10 MeV Au into Au (Ed=40 eV, Eb=3.8 
eV, Es=3.8 eV). Parentheses in the tables show the total vacancy ratio obtained by dividing the calculated 
vacancy number by the D2

** method's vacancies calculated using the F-C option with Ef=1 eV.

Methods Damage energy F-C (Ef=1eV) F-C (Ef=Ed) Q-C
D1 𝐸𝑇

𝑖 ― 𝐸𝐼
𝑇 39478.95 (1.00) 42155.63 (1.07) 43214.52 (1.09)

D2 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 ― 𝐸𝑃

𝑖 39482.30 (1.00) 42159.76 (1.07) 43214.52 (1.09)
D3 𝐸𝑃

𝑇 ― 𝐸𝑃
𝑖 37095.48 (0.94) 40453.91 (1.02) 41570.67 (1.05)

D1* 𝐸𝑇
𝑖 ― 𝐸𝐼

𝑇 + 𝐸𝑃
𝑖 39553.35 (1.00) 42230.41 (1.07) 43282.21 (1.09)

D2* 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝐼
𝑖 ― 𝐸𝐼

𝑇 40550.51 (1.03) 42506.66 (1.07) 43349.89 (1.10)
D3* 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 + 𝐸𝑃

𝑖 + 𝐸𝑃
𝑇 40550.51 (1.03) 42506.66 (1.07) 43349.89 (1.10)

D2** 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 39556.70 (1.00) 42234.53 (1.07) 43282.21 (1.09)

D3** 𝐸𝐵
𝑇 + 𝐸𝑃

𝑇 40457.87 (1.02) 42413.57 (1.07) 43264.41 (1.09)
D3*** 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 +𝐸𝑃

𝑇 40476.12 (1.02) 42431.89 (1.07) 43282.20 (1.09)
Summary 

in 
vacancy.txt

-- 86672 (2.19) 49013.00 (1.24) 43259.00 (1.09)

Integration 
of 

vacancy.txt 
(col2+col3)

-- 87006.56 (2.20) 50084.54 (1.27) 43259.00 (1.09)

Integration 
of 

vacancy.txt 
(col3)

-- 86526.40 (2.19) 49602.29 (1.25) 42790.88 (1.08)

Table A.7. Summary of SRIM-calculated total vacancy numbers for 10 MeV Au into Li (Ed=25 eV, Eb=1.1 
eV, Es=1.6 eV). Parentheses in the tables show the total vacancy ratio obtained by dividing the calculated 
vacancy number by the D2

** method's vacancies calculated using the F-C option with Ef=1 eV.

Methods Damage energy F-C (Ef=1eV) F-C (Ef=Ed) Q-C
D1 𝐸𝑇

𝑖 ― 𝐸𝐼
𝑇 20340.24 (0.98) 20717.47 (1.00) 17581.29 (0.85)

D2 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 ― 𝐸𝑃

𝑖 20340.24 (0.98) 20717.50 (1.00) 17581.29 (0.85)
D3 𝐸𝑃

𝑇 ― 𝐸𝑃
𝑖 19563.94 (0.94) 20388.24 (0.98) 17267.49 (0.83)

D1* 𝐸𝑇
𝑖 ― 𝐸𝐼

𝑇 + 𝐸𝑃
𝑖 20791.57 (1.00) 21168.56 (1.02) 17955.75 (0.86)

D2* 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝐼
𝑖 ― 𝐸𝐼

𝑇 20905.39 (1.01) 21650.91 (1.04) 18330.20 (0.88)
D3* 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 + 𝐸𝑃

𝑖 + 𝐸𝑃
𝑇 20905.39 (1.01) 21650.91 (1.04) 18330.20 (0.88)

D2** 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 20791.58 (1.00) 21168.59 (1.02) 17955.75 (0.86)
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D3** 𝐸𝐵
𝑇 + 𝐸𝑃

𝑇 20415.35 (0.98) 21161.14 (1.02) 17919.74 (0.86)
D3*** 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 +𝐸𝑃

𝑇 20454.06 (0.98) 21199.82 (1.02) 17955.74 (0.86)
Summary 

in 
vacancy.txt

-- 22733.00 (1.09) 18285.00 (0.88) 17829.00 (0.86)

Integration 
of 

vacancy.txt 
(col2+col3)

-- 24931.44 (1.20) 20482.56 (0.99) 17828.72 (0.86)

Integration 
of 

vacancy.txt 
(col3)

-- 22731.94 (1.09) 18284.67 (0.88) 15783.54 (0.76)

Table A.8. Summary of SRIM-calculated total vacancy numbers for 1 MeV H into Au (Ed=40 eV, Eb=3.8 
eV, Es=3.8 eV). Parentheses in the tables show the total vacancy ratio obtained by dividing the calculated 
vacancy number by the D2

** method's vacancies calculated using the F-C option with Ef=1 eV.

Methods Damage energy F-C (Ef=1eV) F-C (Ef=Ed) Q-C
D1 𝐸𝑇

𝑖 ― 𝐸𝐼
𝑇 8.12 (0.53) 10.03 (0.66) 10.02 (0.66)

D2 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 ― 𝐸𝑃

𝑖 8.53 (0.56) 13.10 (0.86) 12.87 (0.84)
D3 𝐸𝑃

𝑇 ― 𝐸𝑃
𝑖 7.07 (0.46) 9.21 (0.60) 9.56 (0.63)

D1* 𝐸𝑇
𝑖 ― 𝐸𝐼

𝑇 + 𝐸𝑃
𝑖 14.83 (0.97) 17.12 (1.12) 15.81 (1.04)

D2* 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝐼
𝑖 ― 𝐸𝐼

𝑇 21.58 (1.42) 24.17 (1.59) 21.58 (1.42)
D3* 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 + 𝐸𝑃

𝑖 + 𝐸𝑃
𝑇 21.58 (1.42) 24.17 (1.59) 21.58 (1.42)

D2** 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 15.24 (1.00) 20.19 (1.32) 18.66 (1.22)

D3** 𝐸𝐵
𝑇 + 𝐸𝑃

𝑇 14.60 (0.96) 16.82 (1.10) 15.56 (1.02)
D3*** 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 +𝐸𝑃

𝑇 14.87 (0.98) 17.08 (1.12) 15.80 (1.04)
Summary 

in 
vacancy.txt

-- 21.00 (1.38) 14.00 (0.92) 12.00 (0.79)

Integration 
of 

vacancy.txt 
(col2+col3)

-- 28.38 (1.86) 20.71 (1.36) 11.79 (0.77)

Integration 
of 

vacancy.txt 
(col3)

-- 21.36 (1.40) 13.73 (0.90) 5.445 (0.36)

Table A.9. Summary of SRIM-calculated total vacancy numbers for 1 MeV H into Au (Ed=40 eV, Eb=0 
eV, Es=0 eV). Parentheses in the tables show the total vacancy ratio obtained by dividing the calculated 
vacancy number by the D2

** method's vacancies calculated using the F-C option with Ef=1 eV.

Methods Damage energy F-C (Ef=1eV) F-C (Ef=Ed) Q-C
D1 𝐸𝑇

𝑖 ― 𝐸𝐼
𝑇 7.92 (0.53) 10.10 (0.67) 10.02 (0.67)

D2 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 ― 𝐸𝑃

𝑖 8.33 (0.55) 15.11 (1.00) 12.87 (0.86)
D3 𝐸𝑃

𝑇 ― 𝐸𝑃
𝑖 7.79 (0.52) 9.79 (0.65) 10.01 (0.67)

D1* 𝐸𝑇
𝑖 ― 𝐸𝐼

𝑇 + 𝐸𝑃
𝑖 14.63 (0.97) 17.16 (1.14) 15.81 (1.05)

D2* 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝐼
𝑖 ― 𝐸𝐼

𝑇 21.21 (1.41) 23.91 (1.59) 21.58 (1.43)
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D3* 𝐸𝐵
𝑖 + 𝐸𝐵

𝑇 + 𝐸𝑃
𝑖 + 𝐸𝑃

𝑇 21.21 (1.41) 23.91 (1.59) 21.58 (1.43)
D2** 𝐸0

𝑖 ― 𝐸𝐼
𝑖 ― 𝐸𝐼

𝑇 15.04 (1.00) 22.17 (1.47) 18.66 (1.24)
D3** 𝐸𝐵

𝑇 + 𝐸𝑃
𝑇 14.50 (0.96) 16.85 (1.12) 15.80 (1.05)

D3*** 𝐸𝐵
𝑖 + 𝐸𝐵

𝑇 +𝐸𝑃
𝑇 14.50 (0.96) 16.85 (1.12) 15.80 (1.05)

Summary 
in 

vacancy.txt
--

23.00 (1.53) 15.00 (1.00) 12.00 (0.80)

Integration 
of 

vacancy.txt 
(col2+col3)

--

29.73 (1.98) 22.28 (1.48) 11.79 (0.78)

Integration 
of 

vacancy.txt 
(col3)

--

22.71 (1.51) 15.24 (1.01) 5.44 (0.36)

Table A.10. Summary of SRIM-calculated total vacancy numbers for 1 MeV H into Li (Ed=25 eV, Eb=1.1 
eV, Es=1.6 eV). Parentheses in the tables show the total vacancy ratio obtained by dividing the calculated 
vacancy number by the D2

** method's vacancies calculated using the F-C option with Ef=1 eV.

Methods Damage energy F-C (Ef=1eV) F-C (Ef=Ed) Q-C
D1 𝐸𝑇

𝑖 ― 𝐸𝐼
𝑇 8.72 (0.63) 9.00 (0.65) 7.26 (0.53)

D2 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 ― 𝐸𝑃

𝑖 8.72 (0.63) 9.20 (0.67) 7.26 (0.53)
D3 𝐸𝑃

𝑇 ― 𝐸𝑃
𝑖 4.33 (0.31) 8.46 (0.61) 7.10 (0.52)

D1* 𝐸𝑇
𝑖 ― 𝐸𝐼

𝑇 + 𝐸𝑃
𝑖 13.76 (1.00) 14.22 (1.03) 11.42 (0.83)

D2* 𝐸𝑡𝑜𝑡𝑎𝑙 ― 𝐸𝐼
𝑖 ― 𝐸𝐼

𝑇 14.73 (1.07) 19.16 (1.39) 15.57 (1.13)
D3* 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 + 𝐸𝑃

𝑖 + 𝐸𝑃
𝑇 14.73 (1.07) 19.16 (1.39) 15.57 (1.13)

D2** 𝐸0
𝑖 ― 𝐸𝐼

𝑖 ― 𝐸𝐼
𝑇 13.77 (1.00) 14.42 (1.05) 11.42 (0.83)

D3** 𝐸𝐵
𝑇 + 𝐸𝑃

𝑇 9.58 (0.70) 13.85 (1.01) 11.33 (0.82)
D3*** 𝐸𝐵

𝑖 + 𝐸𝐵
𝑇 +𝐸𝑃

𝑇 9.68 (0.70) 13.95 (1.01) 11.41 (0.83)
Summary 

in 
vacancy.txt

-- 12.00 (0.87) 10.00 (0.73) 9.00 (0.65)

Integration 
of 

vacancy.txt 
(col2+col3)

-- 17.41 (1.26) 15.40 (1.12) 8.67 (0.63)

Integration 
of 

vacancy.txt 
(col3)

-- 11.94 (0.86) 9.92 (0.72) 3.95 (0.29)



53

References

[1] J.F. Ziegler, J.P. Biersack, The Stopping and Range of Ions in Matter, in: D.A. Bromley 

(Ed.), Treatise on Heavy-Ion Science: Volume 6: Astrophysics, Chemistry, and Condensed 

Matter, Springer US, Boston, MA, 1985, pp. 93-129.

[2] S.J. Zinkle, L.L. Snead, Opportunities and limitations for ion beams in radiation effects 

studies: Bridging critical gaps between charged particle and neutron irradiations, Scripta 

Materialia 143 (2018) 154-160.

[3] T. Shinada, S. Okamoto, T. Kobayashi, I. Ohdomari, Enhancing semiconductor device 

performance using ordered dopant arrays, Nature 437(7062) (2005) 1128-1131.

[4] J.S. Williams, Materials modification with ion beams, Reports on Progress in Physics 49(5) 

(1986) 491-587.

[5] J.F. Ziegler, RBS/ERD simulation problems: Stopping powers, nuclear reactions and detector 

resolution, Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions 

with Materials and Atoms 136-138 (1998) 141-146.

[6] A.A. Mowlavi, M. Homaei, M. Alipoor, SRIM CODE USE FOR THE EVALUATION OF 

OPTIMUM PROTON ENERGY INTERVAL FOR THYROID CANCER THERAPY, African 

Review of Physics 4 (2010) 122796720.

[7] R.E. Stoller, M.B. Toloczko, G.S. Was, A.G. Certain, S. Dwaraknath, F.A. Garner, On the 

use of SRIM for computing radiation damage exposure, Nuclear Instruments and Methods in 

Physics Research Section B: Beam Interactions with Materials and Atoms 310 (2013) 75-80.

[8] W.J. Weber, Y. Zhang, Predicting damage production in monoatomic and multi-elemental 

targets using stopping and range of ions in matter code: Challenges and recommendations, 

Current Opinion in Solid State and Materials Science 23(4) (2019) 100757.



54

[9] S. Agarwal, Y. Lin, C. Li, R.E. Stoller, S.J. Zinkle, On the use of SRIM for calculating 

vacancy production: Quick calculation and full-cascade options, Nuclear Instruments and 

Methods in Physics Research Section B: Beam Interactions with Materials and Atoms 503 

(2021) 11-29.

[10] M.I. Bratchenko, V. Bryk, S. Dyuldya, O.A. Kalchenko, N. Lazarev, V.N. Voyevodin, 

Comments on DPA calculation methods for ion beam driven simulation irradiations, Problems of 

Atomic Science and Technology  (2013) 11-16.

[11] J.C. Sublet, I.P. Bondarenko, G. Bonny, J.L. Conlin, M.R. Gilbert, L.R. Greenwood, P.J. 

Griffin, P. Helgesson, Y. Iwamoto, V.A. Khryachkov, T.A. Khromyleva, A.Y. Konobeyev, N. 

Lazarev, L. Luneville, F. Mota, C.J. Ortiz, D. Rochman, S.P. Simakov, D. Simeone, H. 

Sjostrand, D. Terentyev, R. Vila, Neutron-induced damage simulations: Beyond defect 

production cross-section, displacement per atom and iron-based metrics, The European Physical 

Journal Plus 134(7) (2019) 350.

[12] R.E. Stoller, E. Zarkadoula, 1.20 - Primary Radiation Damage Formation in Solids, in: 

R.J.M. Konings, R.E. Stoller (Eds.), Comprehensive Nuclear Materials, Elsevier, Oxford, 2020, 

pp. 620-662.

[13] M.J. Norgett, M.T. Robinson, I.M. Torrens, A proposed method of calculating displacement 

dose rates, Nuclear Engineering and Design 33(1) (1975) 50-54.

[14] M.T. Robinson, I.M. Torrens, Computer simulation of atomic-displacement cascades in 

solids in the binary-collision approximation, Physical Review B 9(12) (1974) 5008-5024.

[15] J.-P. Crocombette, C. Van Wambeke, Quick calculation of damage for ion irradiation: 

implementation in Iradina and comparisons to SRIM, EPJ Nuclear Sci. Technol. 5 (2019) 7.



55

[16] Y.G. Li, Y. Yang, M.P. Short, Z.J. Ding, Z. Zeng, J. Li, IM3D: A parallel Monte Carlo code 

for efficient simulations of primary radiation displacements and damage in 3D geometry, 

Scientific Reports 5(1) (2015) 18130.

[17] C.J. Ortiz, A combined BCA-MD method with adaptive volume to simulate high-energy 

atomic-collision cascades in solids under irradiation, Computational Materials Science 154 

(2018) 325-334.

[18] F. Schiettekatte, Fast Monte Carlo for ion beam analysis simulations, Nuclear Instruments 

and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms 

266(8) (2008) 1880-1885.

[19] J.F. Ziegler, J.P. Biersack, M.D. Ziegler, SRIM, the Stopping and Range of Ions in Matter, 

SRIM Company2008.

[20] N.M. Ghoniem, S.P. Chou, Binary collision Monte Carlo simulations of cascades in 

polyatomic ceramics, Journal of Nuclear Materials 155-157 (1988) 1263-1267.

[21] C.M. Borschel, Ion-solid interaction in semiconductor nanowires, Jena Univ. (Germany). 

Physikalisch-Astronomische Fakultaetb, 2012.

[22] C.J. Ortiz, L. Luneville, D. Simeone, 1.19 - Binary Collision Approximation, in: R.J.M. 

Konings, R.E. Stoller (Eds.), Comprehensive Nuclear Materials (Second Edition), Elsevier, 

Oxford, 2020, pp. 595-619.

[23] D.J. Bacon, T. Diaz de la Rubia, Molecular dynamics computer simulations of displacement 

cascades in metals, Journal of Nuclear Materials 216 (1994) 275-290.

[24] A. Scholz, C. Lehmann, Stability Problems, Low-Energy-Recoil Events, and Vibrational 

Behavior of Point Defects in Metals, Physical Review B 6(3) (1972) 813-826.



56

[25] C.J. Ortiz, A. Souidi, C.S. Becquart, C. Domain, M. Hou, Recent radiation damage studies 

and developments of the Marlowe code, Radiation Effects and Defects in Solids 169(7) (2014) 

592-602.

[26] M.T. Robinson, Basic physics of radiation damage production, Journal of Nuclear Materials 

216 (1994) 1-28.

[27] G.H. Kinchin, R.S. Pease, The Displacement of Atoms in Solids by Radiation, Reports on 

Progress in Physics 18(1) (1955) 1.

[28] R.C. Fletcher, W.L. Brown, Annealing of Bombardment Damage in a Diamond-Type 

Lattice: Theoretical, Physical Review 92(3) (1953) 585-590.

[29] H. Sun, L.K. Béland, Statistical distribution of spontaneous recombination radii of Frenkel 

pairs in FCC and BCC metals, Acta Materialia 229 (2022) 117814.

[30] M.T. Robinson, O.S. Oen, On the use of thresholds in damage energy calculations, Journal 

of Nuclear Materials 110(2) (1982) 147-149.

[31] J. Lindhard, V. Nielsen, M. Scharff, P.V. Thomsen, INTEGRAL EQUATIONS 

GOVERNING RADIATION EFFECTS. (NOTES ON ATOMIC COLLISIONS, III), Kgl. 

Danske Videnskab., Selskab. Mat. Fys. Medd. Vol: 33: No. 10 (1963) Medium: X; Size: Pages: 

1-42 2016-07-01.

[32] V. Jansson, L. Malerba, Simulation of the nanostructure evolution under irradiation in Fe–C 

alloys, Journal of Nuclear Materials 443(1) (2013) 274-285.

[33] M. Hou, A. Souidi, C.S. Becquart, Replacement collision sequence studies in iron, Nuclear 

Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and 

Atoms 196(1) (2002) 31-38.



57

[34] A. Sosin, W. Bauer, ATOMIC DISPLACEMENT MECHANISM IN METALS AND 

SEMICONDUCTORS, Stud. Radiat. Eff. Solids 3: 153-327(1969).  (1969) Medium: X 2009-12-

14.

[35] M. Biget, R. Rizk, P. Vajda, A. Bessis, On the spontaneous recombination volume of 

Frenkel defects in irradiated b.c.c. metals, Solid State Communications 16(7) (1975) 949-952.

[36] M. Nakagawa, W. Mansel, K. Böning, P. Rosner, G. Vogl, Spontaneous recombination 

volumes of Frenkel defects in neutron-irradiated non-fcc metals, Physical Review B 19(2) (1979) 

742-748.

[37] W.G. Wolfer, A. Si-Ahmed, On the coefficient for bulk recombination of vacancies and 

interstitials, Journal of Nuclear Materials 99(1) (1981) 117-123.

[38] W.G. Wolfer, 1.01 – Fundamental Properties of Defects in Metals, Elsevier, Oxford2012.

[39] H. Xu, Y.N. Osetsky, R.E. Stoller, Cascade annealing simulations of bcc iron using object 

kinetic Monte Carlo, Journal of Nuclear Materials 423(1) (2012) 102-109.

[40] K. Nakashima, R.E. Stoller, H. Xu, Recombination radius of a Frenkel pair and capture 

radius of a self-interstitial atom by vacancy clusters in bcc Fe, Journal of Physics: Condensed 

Matter 27(33) (2015) 335401.

[41] G. Demange, E. Antoshchenkova, M. Hayoun, L. Lunéville, D. Simeone, Simulating the 

ballistic effects of ion irradiation in the binary collision approximation: A first step toward the 

ion mixing framework, Journal of Nuclear Materials 486 (2017) 26-33.

[42] S. Agarwal, S.J. Zinkle, 1.03 - Experimental Studies on Primary Damage Formation, in: 

R.J.M. Konings, R.E. Stoller (Eds.), Comprehensive Nuclear Materials (Second Edition), 

Elsevier, Oxford, 2020, pp. 74-90.



58

[43] K. Nordlund, S.J. Zinkle, A.E. Sand, F. Granberg, R.S. Averback, R.E. Stoller, T. Suzudo, 

L. Malerba, F. Banhart, W.J. Weber, F. Willaime, S.L. Dudarev, D. Simeone, Primary radiation 

damage: A review of current understanding and models, Journal of Nuclear Materials 512 (2018) 

450-479.

[44] Y.-R. Lin, A. Bhattacharya, S.J. Zinkle, Analysis of position-dependent cavity parameters in 

irradiated metals to obtain insight on fundamental defect migration phenomena☆, Materials & 

Design 226 (2023) 111668.

[45] Y.-R. Lin, A. Bhattacharya, D. Chen, J.-J. Kai, J. Henry, S.J. Zinkle, Temperature-

dependent cavity swelling in dual-ion irradiated Fe and Fe-Cr ferritic alloys, Acta Materialia 207 

(2021) 116660.


