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Abstract

Kinetic Rate Equation (kRE) modeling is widely used to simulate defect and impurity evolution in
solids over experimentally relevant time and length scales. However, conventional kRE formulations
include only random-position sink strengths, which adequately describe trapping of defects created at
random lattice sites but fail to capture the enhanced retrapping of defects released directly adjacent to
traps during detrapping or dissociation events. This omission leads to systematic errors, including
underestimated thermal desorption (TDS) peak temperatures and incorrect kinetic parameters when
fitting to experimental data. In this work, we derive for the first time analytical expressions for the
adjacent sink strength, including correction for finite impurity diffusion jump length. We provide a
practical implementation strategy for integrating these expressions into kRE simulations. Comparisons
with kinetic Monte Carlo (kMC) benchmarks demonstrate that adjacent sink strengths dominate
the retrapping probability and are essential for reproducing the correct temperature dependence of
TDS release peaks. Simulations that employ only random sink strengths can still be tuned to match
TDS spectra; however, the resulting fitted trapping energies, detrapping frequencies, and diffusion
parameters are often physically inconsistent. The adjacent sink strength formulation introduced
here significantly improves the predictive capability of kRE modeling, enabling accurate multiscale
simulations of defect and impurity behavior in materials. This framework also establishes a foundation
for future extensions, including adjacent sink strengths associated with extended defects such as
dislocations and grain boundaries, offering new opportunities to resolve persistent discrepancies
between experimental and simulated trapping energetics.

Keywords: kinetic rate equations; sink strength; rate theory; defect dynamics; cluster dynamics; mean-
field; detrapping; trapping; TDS; multiscale modeling; spherical traps; kMC

PACS: 02.30.Jr; 05. 05.10.-a; 05.10.Ln

1. Introduction

The physical and mechanical properties of materials depend critically on their chemical composi-
tion, defect and impurity concentrations, and internal microstructure. Understanding and predicting
material behaviour during ageing, ion irradiation, or thermal annealing therefore requires multi-
scale modeling across a broad range of time and length scales. Among the available approaches,
the mean-field kinetic Rate Equations (kRE) method has become a widely used tool for simulating
long-timescale defect evolution. The method appears under several names, including cluster dynamics
(CD), mean-field rate theory (MFRT), and master-equation approaches. In all cases, the kRE framework
treats defects as spatially varying concentrations (defects per volume), which evolve in time under
creation, annihilation, diffusion, trapping, detrapping, and reaction processes. These processes form
a set of coupled nonlinear differential equations that are solved in time and, in spatially resolved
formulations, in space [1-5].
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The kRE methodology has been extensively applied to a wide variety of material phenomena.
Examples include trapping and retention of helium (He) and hydrogen (H) isotopes in vacancies
[6-8], irradiation-induced amorphization and defect clustering [9-13], dislocation-loop and gas-bubble
evolution [14-16], precipitation, swelling, and segregation phenomena [17-19], effect of edge-localized
modes on fuel retention in tokamaks [20], hydrogen isotope exchange processes [21-23], and hydrogen
isotope retention in advanced materials and next-step fusion devices [24,25]. The kRE method is also
commonly used to simulate thermal desorption spectrometry (TDS) profiles [26-29].

All physical parameters required for kRE applications must be obtained from experiments or
lower-scale simulations. A key derived parameter is the sink strength, which determines the rate
at which mobile defects are trapped or annihilated. Sink strength depends primarily on trap size,
concentration, and geometry [18]; it also depends on the dimensionality of defect diffusion [30],
diffusion jump length [31,32], and, in some cases, elastic interactions between defects and traps [33-35].
Analytical expressions for sink strengths exist for many symmetric trap geometries, including spherical
traps, dislocation lines, and grain boundaries [2,36]. For arbitrarily shaped traps, kinetic Monte Carlo
(kMC) simulations are often used to determine sink strengths numerically [32,37].

Recent findings have shown that sink strength depends strongly on the initial position of the defect
[38]. Traditional sink strengths describe defects created at random positions, which is appropriate
for defects generated by ion irradiation. However, when a defect is created adjacent to a trap, such as
after detrapping or dissociation, the probability of retrapping increases dramatically. This enhanced
retrapping corresponds to a much larger adjacent sink strength. Neglecting this effect leads to substantial
errors in kRE simulations, including incorrect TDS peak temperatures and temperature dependence,
and misleading fitted parameter values, as demonstrated by comparisons between kRE and kMC
simulations.

In this work, we derive for the first time analytical expressions for the adjacent sink strength,
including correction for finite impurity jump length, suitable for use in kRE and related mean-field
models. We demonstrate how these expressions should be applied, and we show that including the
adjacent sink strength produces excellent agreement with kMC simulations across a range of conditions.
For completeness, we also provide improved expressions for random-position sink strength. Finally, we
discuss several caveats and inherent challenges associated with kRE modeling, and outline directions
for future methodological advancements.

2. Results

The primary advantage of the kRE method is its computational efficiency, which often makes it
the only feasible approach for simulating dynamic defect processes in solids over long time and length
scales. However, the reliability of kRE simulations depends critically on the accuracy of the applied
sink strengths.

In this work, we distinguish between two types of sink strengths, depending on the initial defect
position. The random sink strength describes the trapping probability for defects generated at random
positions in the lattice. The adjacent sink strength applies to defects created immediately next to an
empty trap, typically following a detrapping or dissociation event.

2.1. Random Position Sink Strength

The analytical random-position sink strength for spherical traps in a system with 3D defect
diffusion is given by the recursive expression (slightly modified from [36])

Kg = 47R:Ci (1 + Rin/KR gor) AR/ VECO, (1)
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Here, R; is the trapping radius, C; the trap concentration, and K o; the total random sink strength.
The factors A§°" and VF'" are the diffusion jump length (1) and trap volume fraction corrections,
respectively [39]. The jump length correction reduces the sink strength and is expressed as

/\%orr —exp|—(1+ Rt\/%) (Pl,)\Rt (A/Ry) + Py AR, (A/Rt)z) ’ (2)

where P; yg, = 0.295910 and P, yg, = 0.050748. This correction is applicable when A/R; < 0.5. The
trap volume fraction correction increases the sink strength and is given by

VFC" = [1 — Py ypVEPEeVE — (14 Ryy/Krigor) Pove(VFiot — VF)], (3)

with constants Py yp = 2.129798, Pryp,vp = 1.106332 and P, yr = 1.165703. Here, VF = Ct47rR§’/3 is
the trap volume fraction and V F;; is the total volume fraction of all traps. When only a single trap
type is present, (VFy¢ — VF) = 0. The correction is valid for VF;; < 0.1.

2.2. Adjacent Position Sink Strength
The analytical adjacent sink strength, derived in Appendix A, is

= p Corr . 12
2 _— J—

x(Be P —1) = (1—KL) (B — 1)

where k? = Kg ¢ is the random sink strength of empty traps of the same type with concentration C; f,
and C; r is the filled-trap concentration (C; g + C;r = C tot). The parameter P = 471R;C; p(1+ R;/Dy),
where R; is the trapping radius and D; the detrapping distance, and the remaining terms are

w=e KL-R=Di)(1 4 kL), p= (1+D;/R¢) and L = (3/(47C;r))"/3.

The adjacent jump length correction factor is

AST = exp[ — Pagr,(A/R¢) — Pyap,(A/Dy) + Poap,(A/Di)* — Py ap, (A/Dy)?], (6)

with constants: Pyg,= 0.374558, P \p,=0.247795, P, »p,=0.010911, and P3 yp,=1.860355 x 1074 (App. A).
For k = 0, small C; r, and small A, the adjacent sink strength reduces to

K ~ 47R,Cyp(1+ R,/ Dy), 7)

which increases with the R;/ D; ratio. Physically, when a defect is detrapped very close to a large trap,
the probability of retrapping increases substantially. Note that if the detrapping distance is far from the
trap (D; >> R;), the adjacent sink strength would conform to the classical low-concentration random
sink strength 47T R;C;.

Figure 1 shows the random and adjacent sink strengths along with the sink strength enhancement
factor [38] used in the kRE simulations. The random sink strengths were iterated three times, Eq. (1).
The trapping radius is 2 nm and the detrapping distance 0.05 nm. The trap volume fraction for
Ctrot = 10~2 nm 2 is about 0.1067. The adjacent sink strength is approximately 47R;C; r(1 + R;/Dy)
for C;r > Cig, decreases slightly when C;r ~ C;g, and increases again when C;r < C;g. The
sink strength enhancement factor, Figure 1 b), is defined as the ratio of the sink strength for defects
created adjacent to the trap divided by the sink strength for defects with random initial position
€x = Ka(Cir, CrE)/Kr(Crr + Ci ). The enhancement factor increases for smaller trap concentrations,
however, its effect on the kRE simulations remains crucial as the trap concentration increases, see
Figure 2.
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Figure 1. a) Random sink strength Kg from Eq. (1) and adjacent sink strength K4 from Egs. (4)-(5) for varying
trap concentrations (Cy tot = Cy g + Ct r). b) Corresponding sink strength enhancement factor. No jump length
corrections were applied: )\go” = A%"” =1
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Figure 2. Front surface impurity flux from kMC and kRE TDS simulations for different peak trap volume fractions
and diffusion jump lengths. Higher trap concentrations shift the TDS peaks to higher temperatures. Only kRE
with adjacent sink strengths reproduces the trap concentration and jump length dependence observed in kMC.

2.3. Kinetic Rate Equation Simulations

A limited presentation of the development of the sink strength and kinetic rate equation theories
is given in Refs. [1,2,5,7,17,36,38]. The time and 1D depth (z) evolution of a defect or impurity
concentration, I(z,t), can be related to diffusion, trapping, detrapping, and a source term by the
following equation [38]

dl d?1 Ct,FVdetr eXP( - Et/(kBT))

& DY DRpul
dt dz2 Riot: + €k

+5, 8)

where D = A%y rrexp(—Em/(kpT))/6 is the diffusion coefficient. The second term after the equal
sign describes trapping via the total random sink strength: K ;s = }_; Kg ;, with each Ky ; recursively
evaluated from Eq. (1). The third term represents detrapping reduced by retrapping [38], incorporating
the sink strength enhancement factor. C; r is the filled trap concentration, v, the detrapping attempt
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frequency, and E; the trapping energy. The adjacent sink strength K, is determined from Egs. (4)
or (5) using the empty-trap random sink strength Kr g, while Kg is computed using the sum trap
concentration (empty + filled).

Next, we examine a few kRE simulations to highlight the effect that the adjacent sink strengths
have on the results. To validate the theory and equations, the results from kRE and kMC simulations
will be compared. The simulation conditions are chosen such that the corresponding kMC simulations
can be carried out within a reasonable time, allowing a direct comparison. All simulations are
performed in a 100 nm thick material layer with one or three Gaussian trap profiles centered in the
layer. Initially, the traps are filled with one impurity per trap. The temperature at the beginning of the
simulation is set to 300 K, and it increases linearly at 50 K/s up to 800 K during the 10 s simulation.
As the temperature rises, detrapping and diffusion processes of impurities start to take place. Some
impurities are retrapped, but some reach the surface and leave the simulation layer. Processes taking
place on the surface have been omitted in the present simulations. Thus, the impurity flux to the
surface is taken directly as the flux of impurities crossing the front simulation layer boundary, which
corresponds to standard Thermal Desorption Spectrometry (TDS), a commonly used experimental
technique.

Table 1 shows the parameters, and Figure 3 presents the results for the three Gaussian-shaped
trap TDS simulations. The kRE simulation scheme is elucidated in Appendix B. The TDS peaks in
Figure 3 for the kRE simulations using only random sink strengths occur at much lower temperatures
than they should. The first TDS peak, corresponding to the lowest trapping energy 0.95 eV, appears
about 40 K too early. The TDS temperature-peak error increases with trapping energy, with the second
peak appearing about 55 K, and the third about 70 K early. Taking both random and adjacent sink
strengths into account results in good agreement with the kMC simulations. Figure 3 b) shows the
TDS results with an added simultaneous uniform impurity flux into the layer, demonstrating that the
theory ramains accurate even when additional random-position impurities are included.

Table 1. Parameters used in the kMC and kRE TDS simulations with three Gaussian trap profiles (Figure 3).
Ctmax (nm*3) is the peak trap concentration of the Gaussian profile and SD (nm) its standard deviation. Impurity
diffusion parameters: jump length A = 0.05 nm, frequency v,; ff= 2 x 1013 Hz, migration barrier E;;, = 0.25 eV.
Detrapping distance D; = 0.05 nm.

Trap-Impurity pair  Gaussian profile Trapping/detrapping parameters

Ctmax SD R; mm) E; (eV) vy (Hz)
Figure 3a) Cy;-1 9%x107* 7.0 1.0 0.95 5x10'2
Cip-l 51074 9.0 1.2 1.15 2x1012
Cisl 7x107% 8.0 1.5 1.35 3x1012
Figure 3 b) Same parameters as in a) with added uniform impurity flux 2 x 10~ nm=2s~!
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Figure 3. Front surface impurity flux from kMC and kRE TDS simulations for three trap profiles. Dash curves:
kRE using only random sink strengths. Solid curves: kRE using both random and adjacent sink strengths. a) no
background flux; b) added uniform impurity flux 2 x 1073 nm~2s~!. Including adjacent sink strengths increases
retrapping and shifts the TDS peaks to higher temperatures.

We next examine the influence of trap concentration and diffusion jump length using a single
Gaussian trap (SD = 5 nm). The parameters were Ry = 2 nm, E; = 1.15eV, vz, = 5 X 102 Hz,
D; = 0.05 nm, and E;;, = 0.25 eV. The peak trap volume fractions and corresponding concentrations in

parentheses (nm~3) were
1x107(3%x1077),1x107#(3x107%), 1x1072(3x107%), 1 x 1071 (3 x 1073),

with three jump lengths A = 0.2, 0.1, and 0.01 nm, and frequency vy;¢¢ chosen such that the diffusion
prefactor Dy = 1 x 10'® nm? /s remains constant.

Figure 2 shows that the TDS peak maximum shifts to higher temperatures as the trap concentration
increases. This is mainly due to retrapping of detrapped impurities, where an impurity can either be
retrapped in the adjacent trap from which it was detrapped or in a surrounding empty trap. Both
random and adjacent sink strengths increase as the trap concentration increases. The increase in
the random sink strength, and the corresponding TDS shift to higher temperatures, is visible in the
dash curves in Figure 2. This TDS shift is approximately zero for very small trap concentrations,
Figure 2 a)-b), where the random sink strength is very small. It increases slowly to about 8 K for a
peak trap volume fraction VF,,y = 1072, and reaches about 40 K for the largest peak volume fraction
VFEnax = 1071, The solid lines in Figure 2 show the results where both the adjacent and random sink
strengths are taken into account. We can see that the TDS shift due to retrapping to adjacent traps is
already about 50 K at the lowest peak concentration and remains large for all higher concentrations.

Besides the striking difference in the TDS peak positions due to trap concentration between
kRE simulations using only random sink strengths and those using both random and adjacent sink
strengths, there is also a difference related to the impurity diffusion jump length. Figure 2 shows that
the kMC TDS peaks shift to higher temperatures as the diffusion jump length A decreases. This effect is
captured in the kRE simulations only when adjacent sink strengths are included, while it is essentially
absent when only random sink strengths are used (a tiny effect exists, but it is too small to be visible in
the figure). The jump length correction for random sink strength A$%"" is too weak to reproduce this
effect, whereas the correction for adjacent sink strength depends on both A/R; and A/ Dy, leading to
less retrapping for larger A and hence lower TDS peak temperature.

3. Summary and Discussion
The number of studies employing multiscale kRE modeling has increased rapidly during the
past decade. This growth is largely driven by the emergence of advanced kRE frameworks capable

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0547.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 March 2026 d0i:10.20944/preprints202603.0547.v1

7 of 14

of treating complex reaction networks, making the method a practical bridge between atomistic
simulations and experimental observations. These complex reactions inevitably involve detrapping
and dissociation processes that demand a new class of sink strengths-adjacent sink strengths—beyond
the conventional random ones.

The goal of this work has been to provide analytical expressions and practical guidance for
incorporating adjacent sink strengths into the kRE methodology. We derived the adjacent sink strength
formalism in detail, demonstrated how it should be implemented in simulations, and presented a
straightforward numerical approach for solving the coupled nonlinear equations.

As with any multiscale modeling approach, kRE and kMC simulations rely on parameters
extracted from experiments or from smaller-scale methods such as quantum mechanics (including
electronic structure information) and molecular dynamics (including information at the level of
individual atoms). However, it is important to recognize that first-principles DFT energy barriers may
have uncertainties of several tenths of an eV, leading to rate-constant uncertainties of up to an order of
magnitude.

The kRE method itself introduces additional sources of error. The continuous differential equations
are approximated on discrete spatial and temporal grids, leading to discretization, truncation, and
roundoff errors. Roundoff errors can be mitigated by using higher numerical precision, albeit at
increased computational cost. Discretization errors can usually be reduced by refining the grid,
however, the resulting increase in the number of numerical iterations may lead to cumulative errors in
large-scale simulations.

kRE models are often used to extract parameter values by fitting simulations to experimental
data. This approach requires caution, as illustrated by the additional kRE simulations performed
for the three-Gaussian-trap TDS example. Figure 4 shows that, when the adjacent sink strength is
neglected, kRE simulations can still be tuned to match kMC TDS curves remarkably well, despite
relying on incorrect parameter combinations. Table 2 demonstrates that the fitted diffusion and
trapping parameters may deviate substantially from the true values used in the kMC simulation.
Introducing additional fitting degrees of freedom (e.g., surface parameters) can further improve the
visual fit, but typically pushes the fitted parameters even farther from their physically meaningful
values.

6 T T

. kMC
-.-kRE: ¢ =1,Fit 1
—KRE: ¢, =1, Fit 2

Front surface impurity flux (10" em s ™

400 450 500 550 600 6350 700
Temperature (K)

Figure 4. Different kRE fits to kMC TDS data (Table 2). The kRE simulations neglect adjacent sink strengths
(ex = 1). Despite good agreement with the kMC profiles, the fitted parameters are largely incorrect.
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Table 2. Fitting parameters for kRE TDS simulations using only random sink strengths (Figure 4). Bold values are
fixed rather than fitted. The “Correct values” correspond to the parameters used in the kMC benchmark.

Diffusion Trapping energies (eV) and detrapping frequencies (Hz)
vaisf Hz)  Ewm (€V)  Er1 Vierrd Etp  Vietr2 Et3  Vderr
Correct values  2x10%3 0.25 095 5x10%2 115 2x1012 135 3x1012
Fit 1 8.40x107%  0.02 093 1.80x10T 1.3 6.75x100 148 1.36x1012
Fit 2 2x1013 0.25 092 142x1011 127 1.29x102 159 9.13x10'2
Fit 3 3.06x10% 035 093 218x10" 131 3.66x102 148 1.31x102

This highlights a general principle: As the number of adjustable parameters increases, so does the number
of non-physical parameter combinations that can reproduce a given dataset. Therefore, fits obtained using
incomplete theoretical descriptions—such as omitting adjacent sink strengths—should be interpreted
with great caution.

Keeping these limitations in mind, the kRE method remains a powerful, and, often the only
feasible, approach for simulating defect and impurity evolution over experimentally relevant time and
length scales. It provides valuable insight into experimental observations and can yield approximate
parameter values when the relevant physics is correctly included.

Nevertheless, several open challenges remain. Increasing the complexity of reaction networks
continues to push the demands on numerical solvers, necessitating ongoing refinement of integration
schemes and discretization strategies. The intrinsic mean-field nature of the kRE approximation could
potentially be improved by incorporating local concentration gradients directly into the sink-strength
formalism. Furthermore, new adjacent sink-strength models are needed for defects detrapped from
extended microstructural sinks, such as dislocations and grain boundaries. Including such effects
would shift simulated TDS peaks to higher temperatures and may help resolve discrepancies between
experimentally measured and simulated trapping energies.

4. Conclusions

We have introduced a generalized sink-strength formalism for kRE simulations that explicitly
accounts for defects created adjacent to traps following detrapping or dissociation events. This work
derives analytical expressions for the adjacent sink strength, provides the necessary correction for
realistic jump lengths, and outlines a practical implementation strategy within the kRE framework.

By comparing kRE simulations with kMC benchmarks, we have demonstrated that the adjacent
sink strength is essential for accurately describing retrapping processes. Simulations using only the
conventional random sink strength systematically underestimate the TDS peak temperatures, whereas
including the adjacent sink strength restores quantitative agreement with kMC over a wide range
of trap concentrations, jump lengths, and trapping energies. These results show that adjacent sink
strengths dominate the retrapping probability, especially at low trap concentrations, where they exceed
the random sink-strength contribution by more than an order of magnitude.

The study also reveals an important caution for parameter estimation: kRE simulations based on
incomplete sink-strength formalisms can still be tuned to fit TDS spectra, but the resulting parameter
sets are typically non-physical. This highlights the need for physically complete sink-strength models
when using kRE simulations to infer trapping energies, detrapping frequencies, or diffusion parameters
from experimental data.

Overall, the adjacent sink-strength formalism significantly improves the predictive capability of
kRE modeling and enables more reliable multiscale simulations of defect and impurity evolution in
solids. The methodology presented here establishes a foundation for further extensions, including
adjacent sink strengths for defects detrapped from extended sinks such as dislocations and grain
boundaries, which may help resolve persistent discrepancies between experimental and simulated
trapping energetics. As multiscale models continue to increase in complexity, incorporating these
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refined sink-strength contributions will be essential for achieving accurate, long-timescale predictions
of microstructural evolution.
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Appendix A. Adjacent Sink Strengths

Figure Al illustrates the schematic geometry used to derive the adjacent sink strength. A defect
is detrapped from a spherical trap of radius Ry, located at the center of a spherical cell of radius L.
Detrapping is modeled as a Gaussian distribution with its maximum at a distance D; from the trap
boundary and width b.

Figure A1. Schematic of the detrapping system. A defect detraps from a spherical trap (radius R;) positioned at
the center of a spherical cell (radius L). The detrapping distribution is Gaussian with maximum at distance D;
from the trap boundary and width b.

The time-dependent defect concentration c(r, t) at distance r from the trap center satisfies

de ) ) A 1/Ri+ Dy —r\?
E—DVC ch—l—b\/ﬂexp[ 2<b) ], (A1)

where D is the diffusion coefficient, k> = Ky, is the random sink strength of the surrounding traps, and

the Gaussian source term represents detrapping with amplitude A (other Gaussian parameters are
defined in Figure A1). The cell boundary at r = L is assumed to be equivalent to surrounding identical
cells, giving a zero-flux (Neumann) boundary condition. The concentration in the cell increases with
time and reaches a saturation distribution when the detrapping rate of defects equals the sum of
trapping to the central and surrounding traps in the cell. This saturation distribution is given by the
dc/dt = 0 solution to the following equation in spherical coordinates, with parameter A set to Dv/27:

d?c  2dc 5 1 1/Ri+Dy—r 2
0—dr2+rdr—kc+bexp[—2<b) . (A2)
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With boundary conditions ¢(R¢) = 0 and % (L) = 0, we obtain a steady-state solution
or 2 2
C(I’) — 27 ek(RD-H’-‘rkbz/Z) P2 (erf Dt + kb —er RL + kb )
TPl \/Eb \/Eb
Rr — kb? Dy — kb? RL — kb? Rr — kb?
+e D1 py (exf — erf +eX(L=RD)p, ((erf — erf
e 3 (er T3 er T3 ) e 4 (er T3 er VT )
2 2
K(RD—r+kb?/2) | 2kL Rr+kb> Dy +kb
+ P f
e [e 5 (er N TR )
_ Dy — kb? RL — kb? RL + kb? Rr + kb?
+e(L=D) py (erf — erf +eRep, (erf —erf
€ 4 (er \/Eb er \/Eb ) € 2 (er \/Eb er \/Eb )
— 2
74kLbe(—%+kL) (ekr o ek(2R,r))> (A3)
V2 ’

with L = (47%” )1/3, RD =Rt + Dy, Rr =Ry + Dy —r, RL = Ry + Dy — L, and parameters P;_5 as

Pl = 4k[(1+4KkL)e*Re — (1 —kL)e ],
P, = (1+kL)(Rt+D;+kb?),  P3y= (1+kL)(R; + D; — kb?),
Py = (1—kL)(Ry+D;—kb?),  Ps=(1—kL)(R;+ D; +kb?).

When the detrapping width b goes to zero, Eq. (A3) simplifies substantially and splits into two regions
relative tor = R; + D; = RD:

r<RD: c= P(ekrkLP [1— e 2Kr=RO] 4 ZKL=Di=r/2)kp M1 — eZk(’*Rf)}) (A4)
r>RD: c=P(1—e 2P (efkLp — 212k M), (A5)
k-RD . ..

where P = T ﬁlﬁ?—eu MET]” kLP = (14 kL), and kLM = (1 — kL). From these simplified expres-

sions, we extract the derivative at the trap boundary and mean defect concentration in the cell:
de = Q/Ri[e HRDLP — k] (A6)

dr V=Rt

(o) = ST [eHLRORLP(pe kD 1) — KLM(Be D — 1)], (A7)

k(2L—-D . P
where Q = % and B = (14 D;/R;). The concentration of defects per unit time retrapped

into the central trap (Figure A1) is proportional to the trap concentration and area, and to the flux of
defects at the trap boundary C; ¢ - 47tR? - D % ‘r:Rt, which in the mean-field approximation must equal

D(c)K 4, where D is the diffusion coefficient. Thus,

_ Rla— (1-kL)]
~ afpe 0 1] - (1 kL)[pe D — 1]’

Ka (A8)

where o = e 2(L=Ri=Dt)(1 4 kL). The parameter K, is defined as the adjacent sink strength, i.e., the
sink strength for defects formed adjacent to the trap (in contrast to sink strength K for defects formed
in random positions). The adjacent sink strength is proportional to the random sink strength for empty
traps of same type, Kg ¢ = k?. For small kL values (small random sink strength and/or large filled-trap
concentration), the denominator of Eq. (A8) approaches zero, and the limiting form becomes

S

Kalk=0)= 1= SD;(2R; + Dy) /6 (49)
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where S = 47tR;C; r(1 + R;/Dy). This approximate solution is accurate when k//C; r < 0.2nm~1/2,
as shown by the piecewise use of the two expressions in Figure A2.

—R =0.5,D=0.07,C, =10
R=15,D=0.12, C =107

(n1n'2)

—R=5.0,D=0.1, C =10

t t
t t

B t t
<101 |—Rr~20.D7005,C =10
I t t
t t

K

—R=05,D=0.15, C =10

—R-10,D=0.2, C =107

10—15 -

1 1 1 1 L L 1 1 1 1 1
10° 10
KVC

10? I 10"
Figure A2. Adjacent sink strength as a function of k//C; r for different R; (nm), D; (nm), and C; p (nm~3) values.

Eq. (A8)is used for k//Cyr > 0.2, and Eq. (A9) for k//Cir < 0.2.

Finally, kMC simulations using the N-jump method [32] were performed to confirm the adjacent
sink-strength equations and their dependence on the impurity diffusion jump length. The initial
positions for the impurities are at a detrapping distance D; from the trap boundary [38]. Figure A3
shows that K4 decreases when either the detrapping distance or the diffusion jump length increases. A
similar jump-length decrease of the random sink strength has previously been observed and explained
[31,32], however, the decrease is much stronger and pronounced for the adjacent sink strength, see
Figure 2 and related text.

0.07 T T T T

a) ¢ b)
< 0.06 o D =0.02: kMC- * Rl:5:kﬁ:“\
g —— D, =0.02: Fit —— R, = 5: Fit
'
005 b { .1 ]
= 10
5 004 | |
2 m D= 0.05 kMC poomeE gy
S 003 f o D, = 0.05: Fit ® R =2 kMC ~,
Z memeemene oox 1 [ e R, = 2: Fit m
g 002.- T, l
g 0 A D, =0.1:kMC S T
= - - . 2
Zom T e 102 F & R=1:kMC "
--= D, =0.1: Fit — R =1 Fi .
0.0 : . ,
~ 1 B ~ N .
10° 107 10" 10° 10° 10"
MR, MR,

Figure A3. Analytical, Eq. (4), and kMC adjacent sink strengths as a function of impurity jump length to trapping
radius ratio. Cyp = 1x 1074 nm~3. a) Rt = 1 nm. b) D; = 0.1 nm. The parameters for the fits are summarized in
sub-section 2.2 in the jump length correction term.

Appendix B. Solving Kinetic Rate Equations

KRE simulations require solving large sets of coupled, nonlinear partial differential equations.
Here, we summarize the solution method implemented in our HIM (Hydrogen Isotopes in Metals)
program.

We use a finite-difference (FDM) discretization with non-uniform spatial grid points i and time
steps j. For a variable I'/, i denotes depth and j denotes time. The spatial grid spacing is refined

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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where concentration gradients are large, and time steps are reduced where reaction rates (trapping,
detrapping, implantation, etc.) are high.

Because the full system of equations is strongly coupled and nonlinear, a monolithic solution
approach would be impractical. Instead, we use Picard iteration (successive substitution), solving one
equation at a time using previously updated values of the other variables. Iterations continue until the
solution converges within a predefined tolerance.

For the three-Gaussian trap case (Sec. 2.3), the seven coupled equations are discretized in time
using the second-order Crank-Nicolson method [40] and on spatially irregular grids following [41].
The discretized forms for the concentrations are:

Ii,j+1 _ Ii,j D d21i,j+l dZIi,j Iy . .. ..
- - = = J+1/2 DK1/]+1/2 Il,]+1 11 /2
At 2 [ dz2 122 } +5 Rpot | + 1]/
3 CUV2y 0 exp(—Eix/ (kgT))
Fx detr,x EXP tx B
+) ij+1/2 (A10)
x=1 €k,x
clitt ¢l P C 2y ot exp(—Epx/ (kT))
E,x Ex _ _ 1j4+1/24ij+1/2 Fx detr,x EXP tx B
— A DKR,x I + . f;Z'H/Z (A11)
Ci,j+1 _ Ci,j N y Ci,j+1/21/ exo(—E;«/ (kT
I e R i,jfl(/z o/ nT)) (A12)
€k,x

with impurity I, and empty Cg , and filled Cr, traps of type x=[1-3]. The temperature T and impurity
I diffusion coefficient D are evaluated in the middle of the time step j 4 1/2. The second-derivative
difference scheme for a non-uniform grid, where Azl =z — 771 g

dzr 211 21 211
dz22 T AZ(AZ 4 AZ ) AZiAZIH] * Az (AzZE+ AZIHT)

(A13)

4172 s the total random sink strength of all empty traps,

R’tOt .. ..
Eq. (1) iterated recursively three times, where C; is replaced by C;l];rl/ 2 C;_i] ; /2 is the filled trap

S¥i+1/2 is the implantation source term. K

concentration X, Vg, is the detrapping frequency, and E;x is the trapping energy. € , is the sink
strength enhancement factor, see sub section 2.3 and Figure 1.

Solve the tridiagonal Eq. (A10) for I"/*1, compute I'/+1/2.
Update all Cg , and Cr , at time step j + 1 and compute mid-time values.
Recalculate the random sink strengths from the updated trap concentrations.

Ll

Repeat steps 1-3 until convergence is achieved (concentrations do not change more than some
pre-determine value).
5. Advance to the next time step and repeat.

The procedure continues until the final simulation time is reached.
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