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The retention behaviors of deuterium (D) in beryllium (Be) are investigated by a spatially resolved cluster dynamics model under
different irradiated conditions. The trapping effects of deuterium (D) in the forms ofD atoms,D2 molecules and D with vacancy
complex clusters (DmV ) play the most important role on the behaviors of D retentionin Be bulk under irradiation of 9-keV D
ions. The fraction ofD2 in the total D retention increases with the ascension of ion influence, due to the chemical reaction rate
enhancement betweenD atoms with high density. The increases of both ion incident angle and Be bulk temperature reduce the
DmV complex clusters retention by increasing the D desorption rate. In addition, the neutron synergistic irradiation changes the
D retention profiles, especially in the recombination region, by introducing extra defects sinks. These results can improve the
understanding of the mechanisms of D diffusion, accumulation and retention in irradiated Be.

1 Introduction1

Energy shortage and environmental issues prompt people to2

spend great efforts on the researches of nuclear fusion energy3

nowadays. Energetic particles, such as hydrogen isotopes and4

helium ions, escaped from the fuel during plasma burst events5

in fusion reactors, would implant into and damage the plasma-6

facing materials (PFMs)1,2. The aggregation of different radi-7

ation defects, especially incident ion deposition, can induce8

strong disruption on the host lattice, thus leading to degrada-9

tion of PFMs3. Beryllium (Be) is considered as one of the10

promising candidates for PFMs in nuclear fusion reactors, be-11

cause of its excellent oxygen gettering capability, low sputter-12

ing, great mechanical and thermal properties, etc4. However13

the high retention rate of deuterium (D) in Be induces a set of14

serious problems, such as the formation of surface sputtering,15

erosion, swelling and blister, etc. To understand D retention16

behaviors in Be, it is necessary to predict the detailed interac-17

tions of D with other defect clusters in Be, quantitatively.18

Numerous experimental studies have been done to reveal19

the accumulation behaviors of radiation damages. For in-20

stance, Elastic Recoil Detection (ERD) method has been used21

to study the D retention behaviors in Be bulk5, which shew22

that D can penetrate into the depth of 450 nm and accumu-23

late up to the concentration of(7−9)×1021D/cm3 under the24

D flux of 1016Dcm−2s−1. After that, similar experiments il-25
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lustrated that deuterium is mainly trapped asD atoms andD226

molecules in irradiated Be6. On the other hand, theoretical27

studies have also been conducted focusing on the atomic de-28

tails of D behaviors, such as the solubility, migration paths29

and correlative kinetic coefficients of D in Be, by using atomic30

methods such as density functional theory (DFT) and molecu-31

lar dynamics (MD)7–11. However, the long-term behaviors of32

D in Be and the details of dynamical evolution are yet studied33

inadequately, which requires to employ a multi-scale model.34

In material science, CD model is a mesoscopic model to35

describle the evolation of defect concentrations by considering36

the generation, diffudion, reaction and absorption processes of37

point defects and clusters with a possible event list and corre-38

sponding rate coefficients. Compared to the atomic-scale sim-39

ulation methods, such as density functional theory (DFT) and40

molecular dynamics (MD) method, CD model is more effec-41

tive for handling the long-term irradiated damage evolution,42

which encompasses models from the atomistic to the con-43

tinuum scale and timescales from diffusion (∼ ns) to micro-44

structural evolution (∼ years). The high computational effi-45

ciency is due to the introducing of the mean field approxima-46

tion which refers a basic hypothesis of uniform distributions47

of defects (the real system is replaced by an effective contin-48

uously medium), but with the loss of the spatial correlations49

effect between defects. We can also partly take into account50

of the spatial correlation effect by partitioning the depthinto51

small intervals in which defect concentration changes through52

diffusion and reactions. Additionally, the master equations are53

used to describe the concentration evolution of different point54

defects and their clusters with time and space. By solving55

the set of partial differential equations (PDE) constituted by56
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the master equations numerically, the information about dif-57

ferent defect evolution can be obtained and compared with the58

experimental results straightforwardly. And the method has59

been successfully applied to simulate long-term evolutionof60

the microstructures of materials12–17. Thus, it is much suitable61

to use this method to study the defects dynamics evolution in62

irradiated systems.63

In this paper, we intend to investigate long-term evolution64

of D diffusion and retention along depth for Be under different65

irradiation conditions, by employing CD model. The model66

is extended from IRadMat program12,16,18, by taking into67

account of the corresponding types of defects and by adopting68

reliable parameters and complex reaction types. Our results69

highlight the different roles of ion fluence, incdent angle and70

system temperature as well as neutron synergistic effect tothe71

D retention behaviors in Be.72

73

2 Model and method74

We adopt a deterministic cluster dynamics model based on the75

mean-field rate theory to simulate the retention behaviors of76

D in Be under energetic particles irradiation12,13. A set of77

partial differential equations (PDEs) constituted by the master78

equations of different defects in different volume units must79

be solved numerically. The defect distributions along with80

depth obtained by the model can be consisted with experi-81

mental results, which could provid information about the roles82

of the different reaction mechanisms. To simplify the calcu-83

lation, we assumed that the defects of self-interstitial atom84

(SIA, I), di-interstitials (I2), vacancy (V ), deuterium (D) and85

di-deuterium (D2) are mobile, while the complex defect clus-86

ters ofIn(n ≤ 100), DI andDmV (m ≤ 5) are immobile. Addi-87

tionally, we only consider defect distribution along with depth88

for two main reasons. On the one hand, handling a 3D irra-89

diation system by deterministic CD model will increase the90

computational cost significantly. On the other hand, since Be91

surface is irradiated under a uniform distribution D ion beam92

in the experiment, the total D fluence and the induced defects93

will not change along with the planes parallel to surface. Thus,94

it is a very reasonable approximation to reduce a 3D model to95

a 1D model for simplification, as commonly employed else-96

where13,16. It is reasonable to neglect the minor intrinsic ther-97

mal defects at the beginning of simulation and consider the98

first-order boundary (correspondence to C(z=0)=0) for sim-99

plicity because of relatively high diffusivity of D in Be. Be-100

sides, the diffusion coefficients are anisotropy along different101

specific directions in hexagonal structural system like Be and102

Zr, which have been studied by Woo et al and Barbu et al.19–21.103

But it is noteworthy that this anisotropic is only considerable104

for the specific defect especially like SIAs with extreme high105

diffusivity 20. In addition, the contribution of SIAs to D reten-106

Table 1Reaction types and the relevant chemical rate coefficients.
Reaction coefficients quantify the rate of a chemical reaction for unit
concentration, which are mainly dependent on system temperature
(T ), atomic volume (Ω), cluster binding energy (Eb), defects relative
diffusivity (D) and reaction distance (RA+B). In principal, the
reactions are described byA+B ⇀↽ AB with the forward and
backward rate coefficients calculated byk+A+B = 4πRA+B(DA +DB)

andk−A−B = 1
Ω exp(−Eb

AB
kBT ), respectively.

Reaction types Coefficients Rate
I +V ⇀↽ 0 k+I+V ,GI/V
I + In ⇀↽ In+1 α+

n ,α−
n+2

I +D ⇀↽ DI k+D+I ,k
−
DI

V +D ⇀↽ DV k+D+V ,k
−
DV

I2+V → I k+V+I2
D+D ⇀↽ D2 η+,η−

I +DmV → mD k+DmV+I
I2+ In ⇀↽ In+2 β+

n ,β−
n+2

V + In → In−1 k+In+V
V +DI → D k+DI+V
D+DmV ⇀↽ Dm+1V γ+m ,γ−m+1
I +L → LI LI
I2+L → LI2 LI2
D+L → LD LD
D2+L → LD2 LD2

tion in Be can be neglected as shown below. Thus, we have107

ignored the influence of the defect anisotropic diffusivityfor108

the D retention in Be. The basic procedure is demonstrated109

briefly as follows.110

2.1 Master equation111

The master equation describes the evolution of defect concen-112

trations with time in irradiated system, including the genera-113

tion, diffusion, reaction and absorption of different kinds of114

defects12,13,16,17,22, which is given by,115

∂Cθ
∂ t

= Gθ +Dθ ∇2Cθ +∑
θ ′

[w(θ ′,θ)Cθ ′

−w(θ ,θ ′)Cθ ]−Lθ

(1)

whereCθ (θ = I, I2,V,D,D2, In,DI,DmV ) are the concentra-116

tion of defectθ in the irradiated system at specific depth and117

time; theGθ , Dθ , andLθ represent the production rate, dif-118

fusion and inherent absorption coefficients (including dislo-119

cations and grain boundary) of the defectsθ , respectively.120

w(θ ,θ ′) is the transition rate coefficient per unit concentration121

of defect clusterθ into the defect clusterθ ′. In order to further122

decrease the computational cost, the Fokker-Plank approxima-123

tion is adopted in our model to transform these discrete master124

equation into continuous equations.125
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Table 2Correlated parameters used in the case of D ions and
neutrons irradiated on Be.

Parameters Symbol Value Refs

D beam intensity ID
1018 ∼ 1020

21
m−2s−1

Temperature T 300 K 23

Lattice parameter
a0 2.27Å

24
c0 3.56Å

D radius rD 0.53Å 13

Burgers vector b 1.78̊A 24

Dislocation line density ρD 1013 m−2 25

Recombination radius rIV 4.54Å −

Formation energy of SIA E f
I 5.24 eV 26

Formation energy of Vacancy E f
V 0.81 eV 27

Formation energy of D E f
D 1.71 eV 27

Migration energy of SIA Em
I 0.02 eV 27

Migration energy of Vacancy Em
V 0.8 eV 27

Migration energy of D Em
D 0.41 eV 4

Binding energy ofD2 Eb
D2

2.3 eV 27

Binding energy ofD−V Eb
DV 1.27 eV 8

Binding energy ofD−D2V Eb
D−D2V 0.93 eV 8

Binding energy ofD−D3V Eb
D−D3V 0.77 eV 8

Binding energy ofD−D4V Eb
D−D4V 0.54 eV 8

Binding energy ofD−D5V Eb
D−D5V 0.42 eV 8

2.2 Rate coefficients126

According to the above assumptions, the reaction types and127

rate coefficients are listed in Tab.1. The rate coefficients de-128

scribe the occurrence probability of the corresponding reac-129

tions. The forward and backward chemical reaction rate-130

coefficients can be calculated using the theory of diffusion-131

limited reaction and chemical equilibrium principles, respec-132

tively. In addition, the generation rate of point defects during133

irradiation,GI/V , determined by using TRIM code28.134

2.3 Numerical method135

The master equations describing the evolution of differentde-136

fects compose a set of PDEs. To improve the compuational137

efficiency, the PDEs can be transformed to a set of ordinary138

differential equations (ODEs) by the Taylor series expansion139

up to second-order terms29,30. In this paper, the set of ODEs140

are solved by usinglsoda subroutine packages31. The method141

is efficient enough for handling∼ 103 ODEs here, with no142

more than one hour on a modern personal computer.143

3 Results and discussions144

CD model is a meso-scale method32, in which most of the145

input parameters should be suitably chosen from the values146

of experiments or atomic calculations, and the recommended147

parameters are listed in Tab. 2. The accuracy of CD model
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Fig. 1 (a) The total amount of deuterium and fraction quantities of
deuterium trapped as D atoms andD2 molecules. (b) Concentration
profiles of deuterium trapped as D atoms andD2 molecules in a flux
of 3×1019Dm−2s−1 upto the fluence of 1.9×1021Dm−2. D atom
implanted into beryllium with the energy of 9 keV at 300 K.

148

is mainly dependent on the reliability of parameters selected,149

especially the critical parameters including the defect for-150

mation energies and migration energies of mobile point de-151

fects (I, I2,V,D andD2) which dominate the reaction dynam-152

ics processes mostly. By considering the published atomic-153

scale computational and experimental results, the critical de-154

fect types, the reaction event lists and the corresponding reac-155

tion coefficients are selected seriously. For example, in order156

to fit the experiments much well, the D migration energy (Em
D )157

are adjusted in the reasonable range of about 0.29∼ 0.41eV158

and set as 0.41eV 4,8,27, by considering the presence of im-159

purities and inherent defects probably affects the incident D160
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diffusion in Be, as pointed out by Orita et al.33. In addition,161

these parameters had been commonly adopted elsewhere34.162

The ab initio results predicted that the maximum number of163

D surround a vacancy to form a stable cluster is five with the164

bind energies between 1.27 to 0.42 eV listed in Tab. 28. Be-165

sides,the binding energies of mobile point defects (I, I2) with166

diffferent types of large loops (In) can be obtained by the cap-167

illary law approximation35,36.
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Fig. 2 The depth profiles of atom D and moleculesD2 at different
fluence under a flux of 3×1019Dm−2s−1 with incident energy of 9
keV at 300 K.

168

To verify our model, we plot the D retention profile with169

implanted fluence and the concentration profile of D trapped170

as D atoms andD2 molecules in the near-surface region to171

compare with experiments. It is shown in Fig. 1(a) that the172

total amount of deuterium retention increases linearly with173

the increasing of D fluence, which agrees with the experiment174

well when D beam fluence is low23,37. But for high fluence,175

the experimental relation deviates linear to reach a constant176

value, due to the surface reconstruction under high flux D ions177

erosion which prevents the diffusion of implanted D into bulk178

regions. Furthermore, the saturation of the trapping sitesalso179

makes the retention decreasing when a much higher density of180

D atom accumulated in the near-surface region13,37.181

Fig. 1(b) shows the concentration of deuterium along182

with depth near-surface. Deuterium prefers in the form ofD2183

molecules trapped in the near surface of Be under D ion irradi-184

ation in a flux of 3×1019 m−2s−1 upto the fluence 1.9×1021
185

D m−2. These results are compared well with those of experi-186

ment37, except for a discrepancy near the surface region. It is a187

common phenomenon for the enhancement of implanted par-188

ticles at the near surface in irradiation target in the measure-189

ments13. The difference between the experimental and calcu-190

lated D concentration at the near surface are mainly coming191

from the surface roughness, which enhances the adsorption of192

D atoms on the Be surface in the experiments, and partly from193

the choice of the free boundary condition on the system sur-194

face in the calculation. Furthermore, plasma-surface interac-195

tion (PSI) induce the surface configuration reconstructinginto196

a new fluctuated surface, which can hamper the implanted D197

atoms and make the enhancement of D accumulation at the198

near surface. Due to materials used for nuclear reactors are199

generally subjected to be generation of non-equilibrium con-200

centration of atomic defects? , the concentration ratio between201

D andD2 will continually with with differet conditions (ion202

flux, fluence, incident angle and target temperature, etc.) and203

with roughly with a special value of 0.5 under the given ex-204

perimental condition here.205

The distribution of the deuterium along the depth in Be206

irradiated at different D fluence is shown in Fig. 2. With the207

increasing of D fluence, the D deposition extends into a deeper208

region. There is a peak at several hundrednm, which comes209

from the self-accumulation and the trapping by other D related210

defect clusters, that is,DmV,DI and LD. Consequently, the211

concentrations decrease with the increasing of depth, which is212

mainly due to two competitive processes, i.e. the compensa-213

tion by diffusing from surface and the loss by diffusing away214

to bulk. For low D fluence of 3×1020m−2, D atom concen-215

tration is always higher than that ofD2 molecule. Whereas216

for high D fluence, the concentrations ofD andD2 reverse at217

a certain depth, because of the relative high ratio ofD to D2218

concentration, increasing the conversion rate ofD+D → D2.219

To clarify the contributions of different kinds of D related220

defect clusters to the D total depth distribution, we plot the221

detailed depth profiles of D related defect clusters retained in222

Be in Fig. 3(a), which shows thatD atoms,D2 molecules and223

theDmV clusters govern the depth distribution of D in Be. The224

concentration of deuterium trapped in these three forms is over225

one order higher than that of trapped by dislocation lines and226

SIAs.227

In nuclear fusion reactors, the synergistic neutron irradi-228

ation will further aggravate damages and hydrogen isotopes229

retention in Be. Its kinetic energy is so high (14.1 MeV) that230

the neutron in the fusion reactions can easily pass through231

the PFMs. Consequently, the defects induced by the neutron232

can be considered as uniform everywhere in a constant rate233

(Gneutron), which is usually described by the unit ofd pa (dis-234

placement per atom). We set neutron irradiation as increasing235

from a non-zero rate in the non-neutron case to generate de-236

fects. Thus, we have also considered this synergistic effect237

of D and neutron irradiation in the model. The evolution and238

depth-distribution of defects have been obviously changedun-239

der the synerigistic neutron irradiation as shown in Fig 3(b).240

The extra point defects induced by neutron can further trap241

D atoms, and can compensate the valley (in the range of sev-242

eral microns) ofDmV clusters formed by the recombination of243

SIAs and vacancies as shown in Fig. 3(a). While, the influ-244
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ence of synergistic neutron irradiation is feeble for the depth-245

distribution profiles of the other D related defect clusters, due246

to the weak sink strengh. Therefore, the synergetic effect of247

neutron irradiation can change the D distribution forms con-248

siderably but the amount of D retention slightly.249

Fig. 4(a) illustrates that the distribution ofDmV along with250

depth can be tentatively divided into three regions according251

to their respect features (see the dashed line divided areas), i.e.252

(1) a peak in the surface layer (Region I), (2) a valley in sev-253

eral microns (Region II), which can be called recombination254

region and (3) a decay along depth entering the bulk (Region255

III) 13,38. In Region I,D5V dominates the concentration of D256

retained in Be, because of the super-saturation of D in this257

region during high flux D implantations. In contrast,DmV258

clusters prefer to form smaller-size clusters in Range III be-259

cause of the relatively lower ratio of the concentration ofD to260

V . While Range II, almost all of the vacancies are combined261

by numerous SIAs migrating rapidly from the surface layer,262

which causes the formation of sink valley38. On the contrary,263

the extra vacancies introduced by synergistic neutron irradia-264

tion can compensate the sink valley, increasing the D retention265

in this region as shown in the Fig. 4(b).266

On the other hand, Be usually serves under the conditions267

of D plasma with random incident angles and different local-268

ized temperatures under high-heat loads in the nuclear fusion269

reactors. Since the 1D semi-infinite diffusion-reaction system270

with free boundary condition was considered, the D atoms dif-271

fuse towards surface and depart from the bulk directly. In the272

following, we will consider these two factors for the illustra-273

tion of their influence on the retention behaviors of D in irra-274

diated Be.275

The initial depth-distribution of D retentions in Be with276

different incident angles, calculated by TRIM code28, is277

shown in Fig. 5(a). With the incident angles increasing, the278

incident D prefers to accumulate near surface and the total D279
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Fig. 5 Concentration profiles of deuterium retention in Be implanted under a flux of3×1019Dm−2s−1 upto the fluence of 1.9×1021Dm−2

with the energy of 9 keV at 300 K along with the different incident angles, (a) initial depth-distribution of D and (b) considering the long-term
dynamical evolution.

retention decreases gradually due to the back-scattering effect.280

The diffusion and reaction effects taken account in our CD281

model aggravate the reduction of D retention in Be, by further282

absorbing D near surface from Be, as shown in the Fig. 5(b).283

The relation of D retention in Be with different incident angles284

can be fitted by an effective diffusion model as,285

Pt(θ) =(1−α)
0.35+0.000154rθ

0.386

+α
∫ rθ

0

exp(−r2
θ/4De f f t)

(πDe f f t)1/2
drθ

(2)

wherePt(θ) represents the retention ratio of D in irradiated Be286

after time t,α is the ratio of D atom diffusion into bulk (about287

0.51),rθ is average depth of implanted particles which related288

to the incident angles, andDe f f represents the effective diffu-289

sion coefficient, fitted by the value of∼ 9.07×10−14m2s−1.290

It is reasonable for the effective diffusion coefficient smaller291

than the value of 1.92× 10−13m2s−1, after including the ab-292

sorption by different sinks. As shown in Fig. 5(a), the first293

term of Eq. (2) represents the fraction of D diffusing into294

bulk, which follows a linear relation fitted to the inital distri-295

bution. The second term is the fraction diffusing to surfaceas296

described by the one-dimension diffusion theory. From the re-297

sults, it can be deduced that considering the factor of incident298

angles, the contribution of back-scattering effect is greater299

than that of the long-term diffusion-reaction effect for the D300

retention in irradiated Be. Additionally, the diffusion-reaction301

effect can be described by an effective diffusion model, in302

which the effective diffusion coefficient can be extracted from303

retention-angle relations. These results should be much help-304

ful for understanding the diffusion and reaction mechanisms305

during D desorption form Be bulk.306

Concerning temperature, the thermal desorption mecha-307

nism of D from Be can also be revealed from our results. As308

shown in Fig. 6, the relative concentrations ofD atom toD2309

molecule are reversal, but the total amount of D retention isal-310

most invariable with the increasing of temperature until about311

400 K, which is in accordance to the experimental fact of that312

the distinct D desorption begins at this temperature (see the313

insert of Fig. 6)2. It can be deduced that the temperature be-314

low 400 K is not enough to induce thermal desorption, but315

improving the reaction rate ofD atoms to theD2 molecules.316

With the temperature higher than 400 K, the amounts ofD and317

D2 decreases dramatically, due to high diffusing ability ofD318

andD2 at higher temperature. Besides, the difference of dif-319

fusivity for D atoms (1.92× 10−13m2s−1) andD2 molecules320

(1.02×10−14m2s−1) leads to the presence of two thermal des-321

orption peaks at 440 K and 460 K. In addition, it is also found322

that nearly no desorption occurs for immobile D complex clus-323

ters below 500 K, due to their high binding energies.324

4 Conclusions325

This work has presented the diverse retention behaviors of326

deuterium in Be under several irradiated conditions, by an-327

alyzing the competition of diffusion and accumulation. In328

the high energy incidence case, the forms ofD atoms,D2329

molecules andDmV mainly dominate the D depth-distribution330

in irradiated Be becasue of the relatively weak sink strength.331

The implanted fluence could manipulate the relative pro-332

portion of deuterium retention forms between atoms and333

molecules. Through the surface desorption, declining inci-334

dence and temperature variation also have respected to the be-335

haviors of D retention in radiated Be and the trapped forms.336

Additionally, the synergistic neutron irradiation induces an337

uniform distribution of extra point defects which compensates338
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energy of 9 keV. Insert is the experimental desorption rate with a
heating rate of 1K/s under an incident D fluence of 2×1021m−2 2.

the recombination zone, but affects the deuterium retention339

slightly. These results will be helpful to understand the long-340

term dynamic evloution mechanics of defects in PFMs.341
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