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The retention behaviors of deuterium (D) in beryllium (Be) mvestigated by a spatially resolved cluster dynamicdehonder
different irradiated conditions. The trapping effects efiterium (D) in the forms db atoms,D, molecules and D with vacancy
complex clustersV) play the most important role on the behaviors of D reteniioBe bulk under irradiation of 9-keV D
ions. The fraction oD, in the total D retention increases with the ascension of idilaénce, due to the chemical reaction rate
enhancement betwe&hatoms with high density. The increases of both ion incideigi@and Be bulk temperature reduce the
DV complex clusters retention by increasing the D desorptibe. in addition, the neutron synergistic irradiation aemthe

D retention profiles, especially in the recombination regioy introducing extra defects sinks. These results camavepthe
understanding of the mechanisms of D diffusion, accunutedind retention in irradiated Be.

1 Introduction 2 lustrated that deuterium is mainly trappediaatoms and;

2 molecules in irradiated Be On the other hand, theoretical
Energy shortage and environmental issues prompt peopie &tudies have also been conducted focusing on the atomic de-
spend great efforts on the researches of nuclear fusiogygrertails of D behaviors, such as the solubility, migration gath
nowadays. Energetic particles, such as hydrogen isotepks aand correlative kinetic coefficients of D in Be, by using atom
helium ions, escaped from the fuel during plasma burst ey¥entmethods such as density functional theory (DFT) and molecu-
in fusion reactors, would implant into and damage the plasmalar dynamics (MDY~11 However, the long-term behaviors of
facing materials (PFM$)?. The aggregation of different radi- D in Be and the details of dynamical evolution are yet studied
ation defects, especially incident ion deposition, carugeds inadequately, which requires to employ a multi-scale model
strong disruption on the host lattice, thus leading to d#ara In material science, CD model is a mesoscopic model to
tion of PFMs’. Beryllium (Be) is considered as one of the describle the evolation of defect concentrations by caraid
promising candidates for PFMs in nuclear fusion reactags;:b the generation, diffudion, reaction and absorption preessf
cause of its excellent oxygen gettering capability, lowtspuss  point defects and clusters with a possible event list anckeor
ing, great mechanical and thermal properties:etdowevers; sponding rate coefficients. Compared to the atomic-scale si
the high retention rate of deuterium (D) in Be induces a set olilation methods, such as density functional theory (DFT) an
serious problems, such as the formation of surface spugteri molecular dynamics (MD) method, CD model is more effec-
erosion, swelling and blister, etc. To understand D retenti tive for handling the long-term irradiated damage evolutio
behaviors in Be, it is necessary to predict the detaileddctas which encompasses models from the atomistic to the con-
tions of D with other defect clusters in Be, quantitatively. . tinuum scale and timescales from diffusion (s) to micro-

Numerous experimental studies have been done to revestructural evolution{ years). The high computational effi-

the accumulation behaviors of radiation damages. Fo¥ksineiency is due to the introducing of the mean field approxima-
stance, Elastic Recoil Detection (ERD) method has been s#saibn which refers a basic hypothesis of uniform distribotio
to study the D retention behaviors in Be btkvhich shewss of defects (the real system is replaced by an effective nenti
that D can penetrate into the depth of 450 nm and accumuwdously medium), but with the loss of the spatial correlation
late up to the concentration ¢f — 9) x 107D /cm?® under thes,  effect between defects. We can also partly take into account
D flux of 10'®Dcm2s~1. After that, similar experiments ik,  of the spatial correlation effect by partitioning the dejtto

s small intervals in which defect concentration changesuho
aKey Laboratory of Materials Physics, Ingtitute of Solid State Physics, chi- 52 diffusion and reactions. Additionally, the master equadiare
nese Academy of Sciences, Hefei 230031, China s« used to describe the concentration evolution of differemp
® University of Science and Technology of China, Hefel 230026, China ss defects and their clusters with time and space. By solving

65'55';?"1':34zzen9@the°ry'$p'ac'cn; Tel: +86-551-65501407; Fax: +86-551- ' e set of partial differential equations (PDE) constitubey
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the master equations numerically, the information aboist di Table 1 Reaction types and the relevant chemical rate coefficients.
ferent defect evolution can be obtained and compared wéth thReaction coefficients quantify the rate of a chemical reaction for unit
experimental results straightforwardly. And the method ha concentration, which are mainly dependent on system temperature
been successfully applied to simulate long-term evolutibn (T), atomic volume @), cluster binding energyb), defects relative

. . S . diffusivity (D) and reaction distanc&®f. g). In principal, the
17 +
the microstructures of materidfks1’. Thus, itis much suitable reactions are described Byt B — AB with the forward and

to use this method to study the defects dynamics evolution iy, \vard rate coefficients calculatedyy, g = 47Ra  5(Da + Dg)
irradiated systems. B

In this paper, we intend to investigate long-term evolution
of D diffusion and retention along depth for Be under différe
irradiation conditions, by employing CD model. The model

andk, g = Sexp( _kBE$B), respectively.

Reaction types Coefficients Rate

is extended from IRadMat progra®18 by taking into I +V i 0 kIEV?(E‘I/V

account of the corresponding types of defects and by adpptin : I'D” N 'E’)‘|+1 Eg ’alr%Z

reliable parameters and complex reaction types. Our gesult V+D; - k5+" ol

highlight the different roles of ion fluence, incdent anghela LtV — | k\J/fV’ v

system temperature as well as neutron synergistic efféheto D+D<=D, I7++,|IZ7_

D retention behaviors in Be. | + DV — mD k$mv+|
l241n = Iny2 B\ Bris
V+In—lho1 k|++v

2 Model and method V+DI =D kS
D+DmV =Dmi1V ¥, Vit

We adopt a deterministic cluster dynamics model based on the I+L—Ll L

mean-field rate theory to simulate the retention behaviérs o Bit: I|:|D2 :::)2

i . X o ao1a
D in Be under energetic particles irradiatidri®. A set of Do+ L - LDy o,

partial differential equations (PDESs) constituted by theester
equations of different defects in different volume unitssinu
be solved numerically. The defect distributions along with
depth obtained by the model can be consisted with experition in Be can be neglected as shown below. Thus, we have
mental results, which could provid information about thesee  ignored the influence of the defect anisotropic diffusivity

of the different reaction mechanisms. To simplify the cateu the D retention in Be. The basic procedure is demonstrated
lation, we assumed that the defects of self-interstitiahat briefly as follows.

(S A1), di-interstitials (), vacancy ¥), deuterium D) and

di-deuterium D) are mobile, while the complex defect clus- 2.1 Master equation

ters ofln(n < 100), DI andD,V (m < 5) are immobile. Addi- ) ) _
tionally, we only consider defect distribution along witeydh* The master equation describes the evolution of defect eence

for two main reasons. On the one hand, handling a 3D1ﬁ,ra1rations with time in irradiated system, including the gene

diation system by deterministic CD model will increase*the'©" dlfgugtigi?rg?cthn and absorption of different kendf
computational cost significantly. On the other hand, sinew  defects? 1218172 which is given by,
surface is irradiated under a uniform distribution D ion oea

in the experiment, the total D fluence and the induced defects 0Cy 2 /

will not change along with the planes parallel to surfaceusth ot Go+Del"Co + ;[W(e 6)Co
it is a very reasonable approximation to reduce a 3D model to

a 1D model for simplification, as commonly employed else-
where'316 |tis reasonable to neglect the minor intrinsic ther- whereCg(8 = 1,1,,V,D, D>, 15, DI, D) are the concentra-
mal defects at the beginning of simulation and considerntheaion of defectf in the irradiated system at specific depth and
first-order boundary (correspondence to C(z=0)=0) for sim-time; theGg, Dg, andLgy represent the production rate, dif-
plicity because of relatively high diffusivity of D in Be. B& fusion and inherent absorption coefficients (includingadis
sides, the diffusion coefficients are anisotropy alongedéhtc cations and grain boundary) of the defeésrespectively.
specific directions in hexagonal structural system like Be.a w(6,6’) is the transition rate coefficient per unit concentration
Zr, which have been studied by Woo et al and Barbu é¥at...  of defect clusted into the defect cluste®’. In order to further
But it is noteworthy that this anisotropic is only considdes: decrease the computational cost, the Fokker-Plank appeoxi
for the specific defect especially like SIAs with extremehaig tion is adopted in our model to transform these discreteenast
diffusivity 2°. In addition, the contribution of SIAs to D retes- equation into continuous equations.

1)
—w(6,6')Co] — L

2| Journal Name, 2010, [vol]l,1-7 This journal is © The Royal Society of Chemistry [year]
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Table 2 Correlated parameters used inthe case of Dionsand ,,, 3 Results and discussions
neutrons irradiated on Be.

1us  CD model is a meso-scale methdin which most of the

s iNput parameters should be suitably chosen from the values
Parameters Symbol  Value Refs . . .
- _ T3 — 150 17 of experiments or atomic calculations, and the recommended
D beam intensity Ip m-2s-1 21 parameters are listed in Tab. 2. The accuracy of CD model
Temperature T 300 K 23
Lattice parameter 8 2.27A° 24 10 (@ %
> ra Co 3222 s Be implanted with 9 keV D ions, 300K ,
radius ) : A
Burgers vector b 1.78 24 g 1
Dislocation line density Joa) 108 m2 25 S 10 ¢
Recombination radius My 4.54A - &
Formation energy of SIA Ef 5.24 eV 26 @
Formation energy of Vacancy E,) 0.81eV 2 .% 107% Exp: Alimov [16]  CD Calculation
Formation energy of D Eg) 1.71eV 27 ol ——D o D
Migration energy of SIA EM 0.02 eV 27 & - 2|2| ° RIZI
Migration energy of Vacancy E[J 0.8eVv 27 o . .
Migration energy of D ED 0.41eV 4 10° 1021 1022
Binding energy oD EEZ 23eV 27 Incident fluence (D/m2)
Binding energy oD —V ES, 1.27 eV 8
Binding energy oD - DV ER_, 0.93eV 8 _° ®)
Binding energy oD —D3V  EB p,, 0.77eV 8 “E | Exp: Alimov [16] CD Calculation
Binding energy oD —-DsV  ES_, 054eV 8 E4 + D o 2 —D
Binding energy oD — D5V~ EJ_,, 0.42eV 8 ® [ D2 — D
g 3h
‘g’ R
2.2 Rate coefficients c |4
According to the above assumptions, the reaction types and © o W F'“ef‘ce=1-_91021'_“ 2 ]
rate coefficients are listed in Tab.1. The rate coefficieets d 0 50 100 150 200 250 300 350 400
scribe the occurrence probability of the corresponding-rea Depth (nm)

tions. The forward and backward chemical reaction rate- . . »
coefficients can be calculated using the theory of diffusion Fig. 1.(a) The total amount of deuterium and fraction quantltlgs of
limited reaction and chemical equilibrium principles, pes- d?;ﬁaer'sué? ;?Lﬂgfiiristg atc;r;z:DDg;twng:;:ules. S}lgjgg?:ﬁffxn
tively. In addition, the generation rate of point defectsiug P PP ¥

A ; . a8 of 3x 10*°Dm~2s~1 upto the fluence of .9 x 10*1Dm~2. D atom
|rrad|at|on,G|/V, determined by using TRIM code. implanted into beryllium with the energy of 9 keV at 300 K.

148

19 IS mainly dependent on the reliability of parameters selct

150 especially the critical parameters including the defect fo
1s1  mation energies and migration energies of mobile point de-
12 fects (,l2,V,D andD;) which dominate the reaction dynam-
The master equations describing the evolution of diffedent: ics processes mostly. By considering the published atomic-
fects compose a set of PDEs. To improve the compuatienadcale computational and experimental results, the critiea
efficiency, the PDEs can be transformed to a set of ordigaryect types, the reaction event lists and the correspondiag-r
differential equations (ODESs) by the Taylor series expamsi tion coefficients are selected seriously. For example, deior
up to second-order terrd$%. In this paper, the set of ODEs to fit the experiments much well, the D migration energ'

are solved by usintsoda subroutine packagés The method: are adjusted in the reasonable range of abcd2@ & 0.41eV

is efficient enough for handling- 10° ODEs here, with n@ and set as @1eV #3827 by considering the presence of im-
more than one hour on a modern personal computer. 10 purities and inherent defects probably affects the indid®n

2.3 Numerical method

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol]l, 1-7 |3
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diffusion in Be, as pointed out by Orita et #. In addition;.: D atoms on the Be surface in the experiments, and partly from
these parameters had been commonly adopted elsetfherethe choice of the free boundary condition on the system sur-
The ab initio results predicted that the maximum numbes offace in the calculation. Furthermore, plasma-surfaceaste

D surround a vacancy to form a stable cluster is five withsthetion (PSI) induce the surface configuration reconstrudting

bind energies between 1.27 to 0.42 eV listed in Tah. Be-» a new fluctuated surface, which can hamper the implanted D
sides,the binding energies of mobile point defettd,) with.s atoms and make the enhancement of D accumulation at the
diffferent types of large loopd{) can be obtained by the cap- near surface. Due to materials used for nuclear reactors are
illary law approximatiort®-36. 20 generally subjected to be generation of non-equilibrium-co

201 centration of atomic defects the concentration ratio between

22 D and D will continually with with differet conditions (ion

10% Fluence (x3 m2) 23 flux, fluence, incident angle and target temperature, etwd) a
o b D, 162 204 With roughly with a special value of 0.5 under the given ex-
£ 7 : : 102 205 perimental condition here.

510 o —o— 102 206 The distribution of the deuterium along the depth in Be
& 207 irradiated at different D fluence is shown in Fig. 2. With the
_§ 1026 2s  increasing of D fluence, the D deposition extends into a deepe
g 200 region. There is a peak at several hundneg which comes
S 20 from the self-accumulation and the trapping by other D eslat
§1025 a1 defect clusters, that iV, Dl andLD. Consequently, the
o 212 concentrations decrease with the increasing of depth hwikic
213 mainly due to two competitive processes, i.e. the compensa-
10 0 1 5 3 4 5 g 2+ tion by diffusing from surface and the loss by diffusing away
Depth (um) 25 to bulk. For low D fluence of % 10°°m~2, D atom concen-

216
Fig. 2 The depth profiles of atom D and molecul@s at different ,;
fluence under a flux of 8 10°Dm~2s~1 with incident energy of 9,,,
keV at 300 K.

219

220
To verify our model, we plot the D retention profile with

tration is always higher than that &f, molecule. Whereas
for high D fluence, the concentrationsdfandD- reverse at
a certain depth, because of the relative high rati®db D,
concentration, increasing the conversion rat®efD — Do.

To clarify the contributions of different kinds of D related
defect clusters to the D total depth distribution, we plat th

implanted fluence and the concentration profile of D trappedietailed depth profiles of D related defect clusters rethine
as D atoms andD, molecules in the near-surface region.4o Be in Fig. 3(a), which shows th& atoms,D, molecules and
compare with experiments. It is shown in Fig. 1(a) thatithetheDnV clusters govern the depth distribution of D in Be. The
total amount of deuterium retention increases linearlyhait concentration of deuterium trapped in these three formeds o
the increasing of D fluence, which agrees with the experimenone order higher than that of trapped by dislocation lines an
well when D beam fluence is lo%3”. But for high fluence;; SIAs.
the experimental relation deviates linear to reach a cahgta  In nuclear fusion reactors, the synergistic neutron irradi
value, due to the surface reconstruction under high flux B.ipn ation will further aggravate damages and hydrogen isotopes
erosion which prevents the diffusion of implanted D intokayl retention in Be. Its kinetic energy is so high (14.1 MeV) that
regions. Furthermore, the saturation of the trapping sit8®:, the neutron in the fusion reactions can easily pass through
makes the retention decreasing when a much higher density @fie PFMs. Consequently, the defects induced by the neutron
D atom accumulated in the near-surface regfotf. 23 can be considered as uniform everywhere in a constant rate
Fig. 1(b) shows the concentration of deuterium ableng(Gneuiron), Which is usually described by the unit dpa (dis-
with depth near-surface. Deuterium prefers in the forrdgfs placement per atom). We set neutron irradiation as inargasi
molecules trapped in the near surface of Be under D ion igadifrom a non-zero rate in the non-neutron case to generate de-
ation in a flux of 3x 101° m~2s~1 upto the fluence 9 x 10?%:;  fects. Thus, we have also considered this synergistic teffec
D m2. These results are compared well with those of experi-of D and neutron irradiation in the model. The evolution and
ment?’, except for a discrepancy near the surface region. lis alepth-distribution of defects have been obviously changed
common phenomenon for the enhancement of implantedgader the synerigistic neutron irradiation as shown in Fig).3(b
ticles at the near surface in irradiation target in the measu The extra point defects induced by neutron can further trap
ments'3. The difference between the experimental and catcuD atoms, and can compensate the valley (in the range of sev-
lated D concentration at the near surface are mainly comingral microns) oD,V clusters formed by the recombination of
from the surface roughness, which enhances the adsorgtian 81As and vacancies as shown in Fig. 3(a). While, the influ-

4|  Journal Name, 2010, [vol] 1-7 This journal is © The Royal Society of Chemistry [year]
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1028 : : 1028

10% | : Region II : Region Il (@) 102 (b)
102 | ; ; 9 keV D, 300 K 10} 9 keV D*, 300 K
| . . _ 19 -2_-1 P _ 19 -2 -1
E 102t ‘ ‘ Flux=3x10""m “s £ 102 | Flux=3x10'" m™2s
=R ' ' Fluence=1.9x10%! m™2 S 5 Fluence=1.9x10%* m™2
S10° 1% ' —a—DyV S10° —a— DV G ~10"2 dpals
g 1018 | , _e_ DZV , g 1018 —— D2V neutron
8 16 , &= DV 8 16 ®- DV
%10 r L == DV glo [ —¢ DV
O 104} ‘ —— DgV ‘ (@) 104} —— D5V

1012 ‘ ‘ 1012

oo Lol . . A . 1010 L . A . .

0 4 8 12 16 20 0 4 8 12 16 20
Depth (um) Depth (um)

Fig. 4 The depth profiles of deuterium-vacancy compleRg¥ under a flux of 3x 101°Dm~2s1 upto the fluence of.® x 10?1 Dm2 with
incident energy of 9 keV at 300 K. (a) without and (b) with synergistiatran irradiation in the damage rate of fodpa/s.

25 ence of synergistic neutron irradiation is feeble for thptde
s distribution profiles of the other D related defect clustelise
27 1o the weak sink strengh. Therefore, the synergetic effect o

10%° va—— 28 Neutron irradiation can change the D distribution forms-con
. T II5DV 29 Siderably but the amount of D retention slightly.

1 10299900077 B —— D" 250 Fig. 4(a) illustrates that the distribution Bf,V along with

w4 | Py P AN o 5”2 »1  depth can be tentatively divided into three regions acogrdi

2 to their respect features (see the dashed line divided)areas

»3 (1) a peak in the surface layer (Region 1), (2) a valley in sev-

2 eral microns (Region 1), which can be called recombination

25 region and (3) a decay along depth entering the bulk (Region
2 111) 1338 |n Region 1,D5V dominates the concentration of D

9kev D", 300K

10%8 | Flux=3x10%* m2s %

Concentration (m_3)
=
o
N

Fluence=1.9x102! m™2

(@) 7 retained in Be, because of the super-saturation of D in this
1012 L - - - ; ~ s region during high flux D implantations. In contrafy,V
0% 10° 107 10t 1 10t 10°
Depth (um) =9 Clusters prefer to form smaller-size clusters in Range @l b
10% 20 cause of the relatively lower ratio of the concentratioiddb
-2 2. V. While Range II, almost all of the vacancies are combined

D,V 2 by numerous SIAs migrating rapidly from the surface layer,
D, 22 Which causes the formation of sink valfy On the contrary,

24 the extra vacancies introduced by synergistic neutroulisra

25 tion can compensate the sink valley, increasing the D rietent

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

267 On the other hand, Be usually serves under the conditions
xs  Of D plasma with random incident angles and different local-

iy

o
N
i

N
[

Flux=3x10'° m2s™?

Concentration (m_3)
=
o

15 Fl =1.9x10?1 m™? . . . .
10 G”encezlo-§ dpaj;“ Al o) %0 ized temperatures under high-heat loads in the nucleavrfusi
1012 . e . LY 2o reactors. Since the 1D semi-infinite diffusion-reactiosteyn

10 107 107 Deptﬁ_zum) SO on with free boundary condition was considered, the D atoms dif

a2 fuse towards surface and depart from the bulk directly. & th
Fig. 3 Details of the depth profiles of D retained in Be under a fiex  following, we will consider these two factors for the illuast

of 3x 10°Dm~2s~1 up to the fluence of .8 x 10°Dm~2 with 274 tion of their influence on the retention behaviors of D in-rra
incident energy of 9 keV at 300 K, (a) without and (b) with s diated Be.

synergistic neutron irradiation in the damage rate oftpa/s. The initial depth-distribution of D retentions in Be with
o different incident angles, calculated by TRIM cdflg is

2 shown in Fig. 5(a). With the incident angles increasing, the
a9 incident D prefers to accumulate near surface and the total D

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol]l, 1-7 |5
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3 o S 05 3
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© 10 20 30 40 50 60 70 80 90
Degree (8°)

Fig. 5Concentration profiles of deuterium retention in Be implanted under a fl@xd0°Dm~2s~1 upto the fluence of 9 x 10?1Dm—2
with the energy of 9 keV at 300 K along with the different incident angl@sinjtial depth-distribution of D and (b) considering the long-term
dynamical evolution.

retention decreases gradually due to the back-scatteffer.es nism of D from Be can also be revealed from our results. As
The diffusion and reaction effects taken account in our&Dshown in Fig. 6, the relative concentrations»ftom toD-
model aggravate the reduction of D retention in Be, by fusthe molecule are reversal, but the total amount of D retentiat-is
absorbing D near surface from Be, as shown in the Fig. &(b)most invariable with the increasing of temperature untiwb
The relation of D retention in Be with different incident d&g:.. 400 K, which is in accordance to the experimental fact of that

can be fitted by an effective diffusion model as, a3 the distinct D desorption begins at this temperature (see th
as  insert of Fig. 6%. It can be deduced that the temperature be-
R(6) =(1— 0)0'35+ 0.000154¢ us  low 400 K is not enough to induce thermal desorption, but
0.386 a5 improving the reaction rate dd atoms to theD, molecules.
6 exp(—r3/4Des ) (2)317 With the temperature higher than 400 K, the amoun® ahd
+a./0 de a8 Do decreases dramatically, due to high diffusing abilityDof

) ) ~=as andDy at higher temperature. Besides, the difference of dif-
whereR (6) represents the retention ratio of D in irradiated,Be fysivity for D atoms (192 x 10~*3n?s~1) and D, molecules

after time t,a is the ratio of D atom diffusion into bulk (abayit (1.02x 10-24n2s~1) leads to the presence of two thermal des-
0.51),Tg is average depth of implanted particles which relgiedyrption peaks at 440 K and 460 K. In addition, it is also found
to the incident angles, aritkt represents the effective diffyy; that nearly no desorption occurs for immobile D complex-clus

sion coefficient, fitted by the value of 9.07x 10 *nPs ... ters helow 500 K, due to their high binding energies.
It is reasonable for the effective diffusion coefficient diera

than the value of 2 x 10 13n?s™1, after including the ab-
sorption by different sinks. As shown in Fig. 5(a), the fitsst4 Conclusions
term of Eq. (2) represents the fraction of D diffusing into
bulk, which follows a linear relation fitted to the inital tliss2c This work has presented the diverse retention behaviors of
bution. The second term is the fraction diffusing to surfase deuterium in Be under several irradiated conditions, by an-
described by the one-dimension diffusion theory. Froméiar alyzing the competition of diffusion and accumulation. In
sults, it can be deduced that considering the factor of extid the high energy incidence case, the formsDofitoms, D>
angles, the contribution of back-scattering effect is tgpea molecules an®,V mainly dominate the D depth-distribution
than that of the long-term diffusion-reaction effect foethB: in irradiated Be becasue of the relatively weak sink stiengt
retention in irradiated Be. Additionally, the diffusiopaction: The implanted fluence could manipulate the relative pro-
effect can be described by an effective diffusion modeks inportion of deuterium retention forms between atoms and
which the effective diffusion coefficient can be extractamhks. molecules. Through the surface desorption, declining-inci
retention-angle relations. These results should be muighshe dence and temperature variation also have respected tethe b
ful for understanding the diffusion and reaction mechasism haviors of D retention in radiated Be and the trapped forms.
during D desorption form Be bulk. a7 Additionally, the synergistic neutron irradiation indscan
Concerning temperature, the thermal desorption meghadniform distribution of extra point defects which compedesa
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