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Abstract

We propose two methods for evaluating athermal recombination corrected (arc) displacement damage parameters in ion
irradiations employing the computer code SRIM (Stopping and Range of Ions in Matter). The first method consists of
post-processing the detailed SRIM output for all simulated damage events and re-calculating according to the arc damage
model. In the second method, an approximate empirical formula is devised which gives the average displacements in
the arc damage model as a function of the corresponding quantity according to the standard Norgett-Robinson-Torrens
model, which is readily obtained from SRIM.
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1. Introduction

In studies of radiation effects in materials it is gener-
ally desirable to have a standardized parameter to quantify
radiation damage exposure, that would provide a com-
mon basis for comparison of data obtained under differ-
ent irradiation conditions in terms of impinging particle
type and energy. Currently, the internationally accepted
standard parameter for this purpose is the number of dis-
placements per atom (dpa) calculated according to the
Norgett-Robinson-Torrens (NRT) model [1]. In the case
of ion irradiation, one of the most widely used software
tools for estimating the NRT-dpa exposure is the Monte
Carlo code SRIM (Stopping and Range of Ions in Matter)
[2]. SRIM incorporates the NRT model and readily pro-
vides the NRT-dpa value for a given ion irradiation. Its
popularity is based on the fact that it employs accurate ion
stopping powers and on its user-friendly interface. Several
authors [3–8] have discussed the application of SRIM for
accurate NRT-dpa calculations.

Recently, a modification to the NRT model has been
proposed, the athermal recombination corrected dpa (arc-
dpa) [9, 10]. It addresses a well known issue of NRT,
namely, the overestimation of the number of stable defects
generated by high energy displacement cascades. The arc-
dpa model is based on evidence from experimental studies
and computer simulations, which indicates that significant
defect recombination takes place during the cascade cool-
down phase leading to reduced numbers of remaining sta-
ble defects. Currently, there is no standardized way to
compute arc-dpa exposure in ion irradiations as the model
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has not yet been implemented in any of the widely used
software tools. In their original publication introducing
the new model, Nordlund et al. [9] already proposed a
method to indirectly estimate the arc-dpa parameter based
on the output of standard SRIM simulations. Their im-
plementation consisted of two main parts. First, a series
of SRIM simulations were performed to evaluate the en-
ergy deposited by primary knock-on atom (PKA) recoils
as target displacements. This is also called damage energy,
Td, and must be obtained as a function of the initial PKA
recoil energy, ER, for a given target material. In [9] this
was done for Fe and an interpolating function was devised
to obtain Td as a function of ER continuously for recoil en-
ergies up to 300 keV. In the second part of the calculation,
the information obtained on Td is used in post-processing
of the SRIM output file ”COLLISON.TXT” to finally ob-
tain the arc-dpa values.

In this paper, we propose two alternative methods to
calculate arc-dpa exposure using SRIM. The first one is
also based on the COLLISON.txt file, similarly to the
method in [9]. However, instead of separately comput-
ing Td by interpolation, we use the damage energy values
that are internally calculated in SRIM with the Lindhard-
Scharff-Schiøtt (LSS) approximation [11]. Thus, the dam-
age energy interpolation for different target materials is
not required. The second method is based on an approxi-
mate formula that we propose, which can be employed to
estimate directly the arc-dpa exposure based on the corre-
sponding NRT-dpa value. Thus, the cumbersome handling
of the COLLISON.txt file is avoided. The two methods are
tested on all targets for which arc-dpa model parameters
are available and for a range of projectile ions.
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Ion H He Al Fe Au
E0 (MeV) 1 1 3 5 10

Table 1: Projectile ions and corresponding incident energies E0.

Target Fe Ni Cu Pd W Pt
Ed (eV) [9] 40 40 29 41 90 44

b [12] -0.568 -1.01 -0.68 -0.88 -0.56 -1.12
c [12] 0.286 0.23 0.16 0.15 0.12 0.11

Table 2: Displacement threshold, Ed, and arc-dpa model parameters,
(b, c), of simulated targets.

2. Radiation Damage Models

The NRT model gives the number of stable displace-
ments, νd, produced by a PKA recoil with damage energy
Td as:

νd(Td) =


0 for Td ≤ Ed

1 for Ed < Td ≤ L

Td/L for Td > L

(1)

where Ed is the displacement threshold energy, i.e., the
minimum energy required to displace an atom from its
lattice position. L = 2Ed/0.8 denotes the cascade mul-
tiplication threshold above which more than one stable
displacements are generated by the PKA.

In the arc-dpa model, the 3rd branch of (1) is multiplied
by an energy dependent efficiency factor, ξ ≤ 1. The model
definition is summarized in the following two relations:

νd,arc(Td) =


0 for Td ≤ Ed,

1 for Ed < Td ≤ L,

ξ(Td/L) · Td/L for Td > L,

(2)

ξ(x) = (1− c)xb + c, for x ≥ 1. (3)

The parameters b and c are material constants that have
been determined for a number of target materials by Nord-
lund et al. [12]. Their values are given in table 2.

We note that for damage energies above the displace-
ment threshold, Td > Ed, νd,arc(Td) can be compactly
written as

νd,arc(Td) = νd(Td) · ξ [νd(Td)] . (4)

This definition will be utilized in the following paragraphs.

3. SRIM simulation conditions and data handling

All simulations were performed utilizing SRIM-2013
and employing the option ”Ion distribution and Quick cal-
culation of damage” (Q-C). Lattice and surface binding
energies were set equal to zero according to the recom-
mendation in [3]. A range of projectile ions were employed,
with atomic numbers varying from Z = 1 (H) to 79 (Au)
and energies ranging from E0 = 1 to 10 MeV, similarly to

the work of Agarwal et al. [8]. The ions and corresponding
energies are listed in Table 1. Table 2 shows all the targets
that we tested, which are essentially all materials whose
arc-dpa parameters were estimated in [12]. Target thick-
ness was chosen appropriately in order to ensure that the
impinging ions stop within the examined region. The tar-
get displacement energies, Ed, are based on internationally
recommended standard values and are also given in Table
2. In the case of Fe self-ion irradiation, an extra simula-
tion with E0 = 78.7 keV was also performed in order to
directly compare with results from [9]. For each ion/target
combination 10,000 ion histories were run.

Damage parameters were extracted from the SRIM out-
put files, either VACANCY.txt or COLLISON.txt. Table
3 lists all quantities of interest and the way they are cal-
culated depending on the damage model and the output
file used.

The number of PKAs per ion, NPKA, is obtained by in-
tegrating the 2nd data column of VACANCY.txt (“vacan-
cies by ions”, νi) or by dividing the number of data rows,
Nrows, in COLLISON.txt by the number of simulated ions,
Nions. NPKA is independent of the damage model.

The NRT displacements per ion, Nd, is obtained as
follows. In the case of VACANCY.txt, Nd is found by
summing the 2nd and 3rd column of the data table, i.e.,
“vacancies by ions”, νi, and ”vacancies by recoils”, νr, re-
spectively. Regarding the COLLISON.txt file, Nd is calcu-
lated by adding up the ”Target vacancies”, νd, of all PKAs
and dividing by Nions. Finally, the average displacements
per PKA, 〈νd〉, is equal to Nd/NPKA.

The calculation of arc-dpa damage parameters is de-
scribed in the next section.

All evaluations and the parsing of SRIM output files
were performed in the OCTAVE computing environment
[13]. The open source python code PYSRIM [14] was em-
ployed to automate the SRIM calculations. All relevant
data and code are available in ZENODO.

4. Methods and Results

In this section, we present the two different methods
to obtain arc-dpa damage parameters from SRIM output.

4.1. Method 1 (M1)
This method utilizes the COLLISON.txt output file.

In SRIM Q-C mode, this file lists all simulated PKA scat-
tering events and reports, among other data, the number
of displacements, νd, generated per event. These νd val-
ues, labelled ”Target vacancies”, are calculated according
to the NRT model, eq. (1), with the damage energy, Td,
obtained from the approximate LSS theory [15]. For the
νd values in COLLISON.txt that satisfy νd > 1, we can
easily recover the LSS damage energy by multiplying νd
with the cascade multiplication factor, L (cf. eq. (1)).
Then, the obtained Td can be used in eq. (2) to evaluate
the displacements according to the arc-dpa model. This is
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Quantity Symbol Method 2 (M2)
VACANCY.txt

Method 1 (M1)
COLLISON.txt

PKAs per ion NPKA
∑

k [νi]k ∆x † Nrows/Nions

NRT-dpa model

Displacements per ion Nd

∑
k [νi + νr]k ∆x † NPKA 〈νd〉

Mean displacements per PKA 〈νd〉 Nd/NPKA N−1
rows

∑
k [νd]k

‡

arc-dpa model

Displacements per ion Nd,arc 〈νd,arc〉 ·NPKA

Mean displacements per PKA 〈νd,arc〉 eq. (7) with 〈νd〉
as above

N−1
rows

∑
k [νd]k ξ ([νd]k)

‡

† [νi]k and [νr]k are the “vacancies by ions” and “vacancies by recoils”, respectively, in the
k-th target depth bin, with ∆x denoting the bin width.

‡ [νd]k denotes the number of vacancies estimated by SRIM for the k-th PKA event. The
sum is over all events.

Table 3: Calculation of damage parameters from SRIM output files

essentially what is done in M1, however, instead of actu-
ally evaluating Td we employ νd directly in the equivalent
arc-dpa definition, eq. (4). Thus, the steps to calculate
the arc-dpa parameters are as follows:

1. Run SRIM with the ”Quick calculation of damage”
(Q-C) option.

2. Parse the COLLISON.txt output file to obtain the
NRT displacements per PKA event, νd.

3. Calculate the corresponding νd,arc per PKA from eq.
(4), νd,arc = νd · ξ(νd).

4. Take the average of the νd,arc values to obtain the
mean displacements per PKA according to the arc-
dpa model, 〈νd,arc〉 (cf. Table 3).

5. Multiply by the number of PKAs per ion, NPKA, to
obtain the number of displacements per ion, Nd,arc =
〈νd,arc〉 ·NPKA

M1 is very similar to the method proposed by Nord-
lund et al. [9]. The main difference lies in the derivation
of damage energy. In [9], Td is obtained by separate SRIM
simulations employing the ”Detailed Calculation with Full
Damage Cascades” (F-C) option. In this case, SRIM uti-
lizes detailed stopping power calculations for all secondary
recoils in the PKA cascade, thus, the value of Td is po-
tentially more accurate. Agarwal et al. [8] have made a
detailed comparison of SRIM damage calculations in Q-C
and F-C modes. They found that there is a difference of
up to ±25% in the amount of NRT vacancies predicted by
the two modes, when vacancy production is estimated by
the SRIM damage energy. The authors attributed the dif-
ference to the use of the LSS approximation in Q-C mode.
It is expected that also in the present case, where the arc-
dpa damage estimation in M1 is based on the Q-C damage

energy, there will be similar differences with respect to the
procedure described in [9], where the F-C mode was em-
ployed.

To make a quantitative comparison of the two approaches,
we repeated the simulation of 78.7 keV Fe ions incident on
an Fe target that was employed in [9]. Table 4 shows the
results from the two approaches. It is seen that there is
only a small 2% difference in the NRT parameters, Nd and
〈νd〉, obtained with the present method in comparison to
the values reported in [9], while the corresponding arc-
dpa parameters almost coincide. We attribute the good
agreement to the low damage energies occurring in this
simulation. To have a more meaningful comparison, we
simulated self-ion Fe irradiation with a much higher pro-
jectile energy, E0 = 5 MeV, and evaluated the results with
both our proposed method M1 and the one by Nordlund
et al. [9]. In the latter case, we used the data from their
fig. 1.2 to extend the interpolation of Td to target recoil
energies up to 10 MeV. The results are also listed in Table
4. As seen from the table, there is a 10% difference be-
tween the NRT parameters obtained by our M1 and the
evaluation according to [9]. This difference is comparable
to the observations of [8] and thus can be attributed to the
use of approximate LSS damage energy in the Q-C simula-
tion mode. The corresponding arc-dpa parameters exhibit
a similar but slightly lower difference of about 8%. This is
due to the fact that the arc-dpa efficiency lowers the sig-
nificance of high energy damage events, where the errors
due to the LSS approximation are more pronounced.

Method 2 (M2)
The objective of M2 is to provide a quick estimate of

the arc-dpa damage parameters, without having to resort
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E0 NPKA Nd 〈νd〉 Nd,arc 〈νd,arc〉
Nordlund et al. [9]

78.7 keV 44.1
539 12.2† 217 4.93†

This study - Method 1 530 12.0 217 4.92
This study - Method 2 530 12.0 209 4.74
Method of Nordlund et al. [9]

5 ΜeV 442
8800 20.0 3150 7.14

This study - Method 1 7870 17.9 2900 6.56
This study - Method 2 7870 17.9 2890 6.54
† Mean values are calculated by dividing Nd and Nd,arc from [9] by NPKA as obtained

in the present study.

Table 4: Damage parameters obtained by different methods for the irradiation of an Fe target with Fe ions of energy E0.

Figure 1: 〈ν1+b
d 〉 as a function of 〈νd〉1+b, where νd denotes the

NRT displacements and b is the arc-dpa model parameter of the
corresponding target material. Both quantities were obtained by
post-processing the output of SRIM simulations and averaging over
all PKA events. Results for the different target materials are depicted
with different symbol and color. The dashed line corresponds to the
approximate relation (6).

to the cumbersome processing of COLLISON.txt. For this,
we note that from eq. (4) the average arc-dpa can be
written:

〈νd,arc〉 = (1− c)〈ν1+b
d 〉+ c · 〈νd〉. (5)

Thus, to obtain 〈νd,arc〉 the value of 〈ν1+b
d 〉 is needed. We

performed an approximate calculation of this quantity, em-
ploying a power-law cross-section for the ion-target atom
interaction and ignoring the effect of ionization losses, i.e.,
setting Td ≈ T . As shown in Appendix A, the following
approximation

〈ν1+b
d 〉 ≈ 〈νd〉λ(1+b), (6)

where λ ≈ 0.56, gives adequate results for a wide range
of incident ion energies and ion-target combinations. This
can be seen in fig. 1, where 〈ν1+b

d 〉 is plotted as a function
of 〈νd〉1+b for all the ion/target combinations simulated in
the current work. The data shown in the figure have been
obtained by taking the νd values per PKA event listed in

COLLISON.txt and evaluating the required averages. As
seen from the figure, the data from all simulated targets lie
within ±10% of the approximate eq. (6), which is depicted
by the dashed line.

Utilizing the above approximation, the arc-dpa damage
parameters can be obtained by the following prescription:

1. Run SRIM with the ”Quick calculation of damage”
(Q-C) option.

2. Calculate the NRT-〈νd〉 from VACANCY.txt as de-
scribed in Table 3.

3. Obtain 〈νd,arc〉 from eq. (5), substituting the ap-
proximate relation (6):

〈νd,arc〉 ≈ (1− c)〈νd〉0.56(1+b) + c · 〈νd〉 (7)

4. The number of displacements per ion is 〈νd,arc〉 ·
NPKA

Fig. 2 depicts the ratio of 〈νd,arc〉 calculated by the
two methods, M2 and M1, respectively, for all simulated
ion/target combinations. It is seen that the results of the
approximate method M2 deviate by at most 3% from those
of M1. A similar small deviation can be observed in Ta-
ble 4 between the arc-dpa damage parameters obtained
by methods M1 and M2 in the two simulated Fe self-ion
irradiations. In the low energy case the arc-dpa parame-
ters obtained by M2 are 4% lower than those of M1 while
in the high energy example the two methods produce es-
sentially equivalent results. Thus, the method M2 can be
employed for a quick, approximate evaluation of arc-dpa
damage, introducing an error of not more than a few per-
cent compared to the more detailed method M1.

5. Conclusions

In this work, we present two methods for evaluating
arc-dpa damage parameters in ion irradiations employing
the SRIM simulation code with the option “Quick calcu-
lation of damage” (Q-C).

The first method is based on SRIM’s COLLISON.txt
output file, which lists the NRT displacements, νd, pro-
duced in each simulated primary knock-on atom (PKA)
recoil event. The νd values are converted to the corre-
sponding arc-dpa model prediction, νd,arc, by means of eq.
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Figure 2: The ratio of the average displacements per PKA according
to the arc-dpa model, 〈νd,arc〉, obtained by methods M2 and M1.
Results for the different target materials are depicted with different
symbol and color.

(4) and then averaged to obtain the total damage param-
eters. This procedure is similar to the one proposed by
Nordlund et al. [9] only in our case the damage energy is es-
sentially obtained by the LSS approximation employed in
SRIM’s Q-C mode, whereas in [9] the damage energy was
interpolated from the results of separate detailed SRIM
simulations. Thus, our method gains in simplicity but can
lead to errors due to the approximation in the damage
energy calculation. The errors in the estimated damage
could be up to ∼ 30% [8].

In the second method, we devise an approximate re-
lation, which gives 〈νd,arc〉 directly as a function of 〈νd〉.
Thus, the cumbersome processing of the COLLISON.txt
file is not needed since the NRT damage parameter 〈νd〉
can be easily obtained from VACANCY.txt. We found
that the arc-dpa parameters obtained by this approximate
method differ by not more than a few percent from those
calculated by the first method.
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Appendix A. Approximation of 〈ν1+b
d 〉

The general expression for the average 〈νnd 〉 is given by

〈νnd 〉 =
∫ Tm

Ed
[νd(Td)]

n dσ(E, T )∫ Tm

Ed
dσ(E, T )

, (A.1)

where dσ(E, T ) denotes the cross-section for scattering of
an ion with initial energy E producing a PKA with recoil
energy T . Tm is the maximum PKA recoil energy. Making
the following assumptions:

(i) A power-law cross-section, dσ(E, T ) ∝ dT/T 1+p, where
p ranges from 0.5 (heavy ions) to 1 (light ions) [16]

(ii) Ionization losses can be ignored (Td ≈ T )
and performing the integrations in eq. (A.1) we obtain the
following analytical expression:

〈νnd 〉 =
(L/Ed)

p − 1 + p
p−n [1− (L/Tm)p−n]

(L/Ed)p − (L/Tm)p
, (A.2)

which is valid for Tm ≥ L and n 6= p. In the special case
n = p it becomes

〈νnd 〉 =
(L/Ed)

n − 1− n log(L/Tm)

(L/Ed)n − (L/Tm)n
. (A.3)

Based on eqs. (A.2)-(A.3) we calculate 〈ν1+b
d 〉 for sev-

eral representative (b, p) combinations and for Tm values
in the range L < Tm < 104L. This corresponds to a max-
imum Tm of ∼ 106 eV in Fe and similar values for other
metals. The results are shown in fig. A.3 as a function
of 〈νd〉1+b, where 〈νd〉 is also obtained from (A.2). It is
apparent from the figure that all curves follow roughly a
central line. Fitting a power law of the form:

〈ν1+b
d 〉 ≈ A 〈νd〉λ (1+b), (A.4)

to the data, with A and λ as adjustable parameters, we
obtain the values λ ≈ 0.56 and A ≈ 1.0. This is denoted
by the dashed line in fig. A.3. The deviation of the analyt-
ically calculated 〈ν1+b

d 〉 from the fitted power law is within
±0.2, which corresponds to the shaded area in fig. A.3.
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