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10 nm

Fig.4 (002) lattice image, 
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BASIC STUDIES OF THE 
IRRADIATION EFFECTS ON 
SOLIDS BREEDING MATERIALS

Juris Tiliks
University of Latvia, Riga

Outline:

1. The aims and methods of investigation.

2. The physico-chemical approach to the study of solids
radiolysis.

3. The radiolysis of inorganic oxygen-containing salts
and ceramics.

4. The investigation of tritium release process.

5. The influence of magnetic field on the processes in
breeding materials.

6. Conclusion.
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1. The aims and methods of investigation

The Radiation Chemistry Laboratory of Solids at the University of 
Latvia was founded in 1972. There are conducted research in the field of 
radiolysis of inorganic and organic materials.

• The fields of investigation:

1. The mechanism of production of radiation defects and products; 
their properties and influence on lattice parameters

2. The application of radiolysis effects

3. The determination of radiation resistance of materials in the range 
of high irradiation dose

4. The fabrication of new materials with predicted radiation stability

• The objects of investigation

1. Binary salts (alkaline halides) - fundamental research, dosimetry, 
laser technology

2. Solid oxidizers (nitrate, chlorate, perchlorate, peroxide)

3. Metal oxides (TiO], ZrC>2, AI2O3, etc) - heterogeneous catalysis

4. Solids organics (sugar, glucose, lactose) - sterilization of medicines

5. Inorganic oxygen-containing salts (sulfate, phosphate, silicate, 
perchlorate) - fundamental research

6. Lithium containing ceramics (LLA.IO2, LiNbOa, Li4Zr04, Li4Si04, 
LLSiOs, LLO, etc ) - blanket materials of fusion reactor
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The aims and methods of investigation (2)

• The irradiation source

1. Nuclear reactor IRT-5000, (<f>max — 1013 n-cm-2-s_1)

2. Linear electron accelerator, (E = 5 MeV, P ™ 0.5 MGy/h)

3. 60Co source, (P = 12 kGy/h)

4. Fast neutron accelerator, (E — 14 MeV, <f>max — 108 n-cm“2-s-1)

• The methods of investigation

1. Classic physical methods (ESR, TSL, optical absorption and re­
flection spectroscopy, DTA, etc)

2. Special chemical methods of the determination of radiation defects 
and products: method of chemical scavengers and lyolumi- 
nescence.

• The aims of the research on blanket materials

1. To determine an origin and production mechanism of irradiation 
defects and products in various blanket materials

2. To analyze a degree of lattice degradation in blanket materials 
introduced at high irradiation dose (up to 100 MGy)

3. To investigate an influence of irradiation defects and products on 
tritium release

4. To evaluate an influence of magnetic field on radiolysis and tritium 
release processes
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2. The physico-chemical approach to the study of

the radiolysis of solids

1. It is difficult to apply classic physical methods to the investigation of 

material exposed to a high radiation dose

2. It was developed a new approach, which is based on the difference 

of chemical properties (redox-potential) of various radiation defects 

(RD) and radiation products (RP);

the electron type RD and RP (reducers) are in stoichiometric pro­

portion to the hole type RD and RP (oxidizers)

3. The information about localized RD and RP can be obtained by their 

de-localization using controlled chemical reactions

4. During the dissolution of irradiated material in active lyosystem, the 

RD and RP go to the solution as a chemically active particles. The 

controlled reaction of this particles with selected scavenger leads to 

the formation of easily determined product.

5. The method of chemical scavengers allows to conduct qualitative and 

quantitative analysis of various RD and RP with a minimum concen­

tration of 1016defect/g

6. The method of lyoluminescence allows to determined the RD worth 

of 1014defect/g. This method also is convenient for the obtaining of 

RD profile in bulk of the sample (disk, pebble)
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Mathematical model of ALS
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The use of rotating disc methods in ALS investigation

<5 - <50Pr"t/3
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The application of scavengers systems for investigations of solids

System Composition of 
system

Amount of Ha, 
molec./g

Notes

Acid-spirit (AS) 0.1 M H2SO4 and
1 M C2H3OH

nii2=l/2n*io« + nr +
nr

Contentration of acid 
can be changed for 
different samples

Monochloracetic acid 
+ spiriUMAS)

0.1 M CH2CICOOH + 
0.5 M C2H5OH 
pH = 3.0

nn2 =l/2n,ioc + nr Monocholacetate can 
be used, but pH 
must be 3.0

Acid- nitrate (AN) 0.1 M H2SO4

1M NaNO,
11)12 — l/2lleloc Contentration of acid 

can be changed for 
different samples

Alkali-rhodanide- 
nitrate (ARN)

O.lMNaNOa
0.1 M NaOH 
1MKSCN
T= 330 K

n,a=l/2neiM +
1/2 n.loe

Can be usable for 
samples with 
elementary silicon

nr = nm - nm ( centers /g)
MhS A*

nr = nm - nm ( centers /g) 
fir/

n*. = 2nm ( centers /g)
a a/

n,t.= l/2(nH2 - nic )( centers/g)

Hole radiation defects and products

System
Composition 

of system
Amount of O2, 

molec./g

Ethyleneglycol
(EG)*

1M Ethyleneglycol 
+ nonirradiated salt

n0j =

Acid - Fe(CN)g 4 
(AF)

0.4M H2SO4 

+ 0.2M K4[Fe(CN)6]
no, = nT0f-4- ngf •

Acid — Cu+2 
(AC)

0.4M H2SO4 

+ 0.5M CuSC>4

no, = nT0f- + ngf'- + n0-

Acid — dichromate 
(AD)

0.4M H2SO4 

+ 0.5M K2Cr2C>7

no, = nr0f + ngf- + n0- + nO0=-

Acid — permanganate 
(AP)

0.4M H2SO4 

+ 0.1M KMn04

no, = nT0“d- + ngf ■ + n0-
+no,0=- + no-

* - It is used for powders

no- = n£p - n£° 

no,o=- = - n'of

no,- = nof - n^
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3. The radiolysis of lithium containing salts and

ceramics

1. It was investigated radiolysis of various breeding materials: LiA102, 

LiNbOs, Li4Zr04, Li4Si04, LigSiOg, LigTiOg, as well as lithium en­

riched materials - LigSiOg, LigSiOg, LigZrOg

2. The nature of RD and RP is independent of fabrication type of ma­

terials (powder, pellet, etc). However, the concentration of them is 

changed in dependence of material design

3. The efficiency of radiolysis decreases with increasing of irradiation 

temperature (for example, it is 10 times smaller at 800 K than at 

room temperature)

4. The irradiation type (7-rays, electron, reactor irradiation) does not 

influences on the nature of RD and RP, but only changes their quan­

titative composition

5. The radiolysis degree of Li4Si04 was obtained as follows:

a(%) = 5 • IQ"2 D0-5 (TTad. = 300 - 400 K)

a(%) = 5 • 10"3 D0-5 (Trad. = 700 - 800 K)

6. The degree of radiolysis for all investigated materials was not greater 

than 1% for the irradiation dose of 100 - 200 MGy
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3 . THE RADIOLYSIS OF ALKALI SILICATES

RD and RP in lithium orthosilicate ceramics
Structure Symbol Chemical RedOx Transformation Detection

equivalent equivalent products methods

Electron type radiation defects

=Si° Ei - 
center

Trivalent
silicon

+1 H° ESR.TSL.CSM, 
optical spectres.

Lia* - Molecular ion +1 H° CSM

Hole type radiation defects

=Si-0° HC, Ion radical -1 OH® CSM, ESR
=S\'0-0 HCi Ion radical -1

1

CSM, ESR
0, Interstit 

ial atom
Oxygen atom -2 H2O2 CSM

=Si-0-0® Peroxyradical -3 Oy CSM, ESR

Electron type products of radiolysis

Li. Colloid­
al
lithium

Metalic
lithium

(+1). H, CSM

Si. Colloid­
al Si

Elementary
silicon

(+4). h2 CSM

Hole type products of radiolysis

0, Molecular
oxygen

-4 O2 Gas
Ch romatography

=Si-0-0-5»3 , Peroxy- 
bridge

Peroxy-
anion

-2 (02)‘2 CSM
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Absorb, dose, MGy

Kinetics of radiation defects and radiolysis products accumulation during the irradiation of Li^SiO, ceramics in a nuclear 
reactor (T- 773 K. 1 X 10u cm*2 s'1. P-1 MGy H*1).

0. MGy
Radiolysis products accumulation during the electron 

irradiation of Li.SiO, and Li .,510., ceramics (T - 350 K. P - 
10 MGy h*1: (1) Li.: (2) Si.: (3) 0,~J: (4) Of": (O) for 

LijSiOj: (•] for Li.SiO,).

Initial yields and saturation dosages of radiation defects and 
radiolysis products accumulation in Li.SiO,, irradiated with 
electrons at 333 K

Type of RD and RP Yield
defect 
(100 eV)

Saturation
dosage
(MGy)

Of" (in gaseous phase) 4 x 10* 4 none
Of*1 (in solid matrix) dx 10*’ none
Li. (colloidal Li) • 2xl0": none
0°; sSi-O-O-Si® 3 x 10*J 15
Si. (colloidal Si) 4X10*J 40
(=Si-O0) 2.6x10*’ none

kxalued 4 x ! 0 * 4 20
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0, MGy

The kinetics of radiolysis for 
different lithium ceramics.
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st. synt. 

anneal.

— Lf 4Z r04, tsint.*0,5 h

A ” Li 4Si04 , plasma synt.

D, MGy

Influence of ceramic preparation 
technology on the kinetic of radiolysis.



nH2/g, molecules *10^
10

1M EtOH

1M EtOH + 1M NO;

difference

Accumulation of electron type radiation 
defects in Li 2 0 under the 7 - irradiation.
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Table 3.
Influence of irradiation temperature to the Li^SiO^ radiolysis 
degree.

Irradiation 
temperature,
K

Radiolysis degree 
o( , %

Oxygen in gas phase,%

300 - 350 0.5 10
570 0.1 25
670 0.02 30
870 0.01 30

Absorbed dose - 100 MGY, irradiation with accelerated electrons
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Li4 SiO^ ceramic

0 0,025 0,05 0,075 of '
Mass 7. Cr*3

Influence of impurities appearing in Li4Si04 ceramics 
to the accumulation of electron radiation defects and products 
of radiolysis during electron irradiation (absorbed dose 20

MGy).
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60 80 
D. MGy

Li4SiQ4

■ * • i hole defects
oa»+ electron defects 

irradiation type
■ *o+ gamma quantum
* T04 accelerated electrons

irradiation medium
* +va air atmosphere
* ° * * helium atmosphere

4 5 6 7
Ig (Uivji. kCy)

8

The radiolysis of lithium orthosilicates during 
irradiation in different conditionsThe radiolysis of lithium silicates during 

irradiation with accelerated electrons

-5IO-2Dfi-5 (?'"■ •3tO~iS0KJ“LEfi

(XO 4") -A/Wv—(X04" )
* * ,-+xoT "

■KVjV)
IL +(AB)y

-(0+1) Hole
AB X()4 type RD'

XO3 ____
O'

Electron type RD and 
RPwith high 
reducing potential

Electron type RD and 
RP with low 
reducing potential

Hole type RD and 
RP

The proposed scheme of oxy salts radiolysis with thetraedrical anion structure
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4. The investigation of tritium release process in
ceramics

1. The study was mainly focused on a role of RD and RP in tritium 

release. The in-pile and out-of-pile experiments were conducted.

2. The RD and RP change the tritium release rate: decrease at the 

beginning of irradiation, and accelerate at high irradiation dose (50 - 

100 MGy). The ratio of HT/HTO increases at high irradiation dose.

3. The impurity and structure of ceramics influence on tritium release: 

in LijSiOa (fine-grained structure) produced by high temperature 

plasma method the hindering effect was just about 1% at 800 K
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Influence of absorbed dose on 
tritium release parameters. Irradia­
tion with accelerated electrons at 
333 K. Tz640 K, purge gas He.
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0,5 1.0 1,5

Concentration RD * 10"19, g1

The influence of the radiation defects concentration on 
the tritium diffusion in the lithium silicates. (7 = 642 K). 
Samples were preliminary irradiated with accelerated elec­

trons at 333 K.
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6000 S0002000 4000

-573

1300 2600
Time, s

Tritium release and thermoluminescence at different temperatures.
a) tritium release from Li4Si04 materials: 1- pebbles, 2- powders.
Purge gas He + 0.1 % H,,, heating rate 5 K/min.
b) thermoluminescence of Li4Si04 : 1- pebbles, 2- powders. 
Heating rate 5 K/min.
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5. The influence of magnetic field on processes in
breeding materials

1. Magnetic field (MF) influences to the processes in blanket zone:

1) radiolysis of breeding materials;
2) kinetic of tritium release;
3) and causes electro-degradation of materials

2. The degree of radiolysis is dependent on primary spin state of excited 
material (exciton of triplet or singlet state). MF (2 Tl) decreases the 
degree of radiolysis of LijSiOj ceramic for 25 - 30 %

3. MF retards tritium release, but does not change total released 
amount. The influence efficiency of MF is proportional to the square 
of its intensity

4. The influence of MF on the processes in blanket decreases with in­
creasing of temperature
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Influence of the external magnetic field

• — H « 0 MA m
H - 1 MA-a

■ <* At MAGNKTU

Fig. 1. Accumulation of electron type RD in LuSiOi ; Fig.3. The influence of annealing temperature on the
lyoluminescence light sum ( annealed with and without MF)

l.N«a006T(Kll1 H ■ 13* T 0U1lM«0006T(ia)

Fig.2. TSL spectrum of irradiated LuSiO< without MF Fl*4' Tritium release from Uthium »rthosilicate pebbles.
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Figure 7. Isothermal tritium release at 548 K.
1. tritium generation without magnetic field ;
2. tritium generation at H ~ 2 T.



Cl - f-Qf

0.7 T
0,5 r

- I', /■ m

Figure il. influence of MF intensity on the distribution of tritium in 

ihermoanncaling processes of neutron irradiated 90/ I type Li^Si04 pebbles 
l i anneal. — 345 K. 'anneal. — 10 min., ito = 4.B MBtpg-')".

1 - 11 - 1.34T: 2 - H = 1.1 T; 3 - H = 0.9 T; 4-H = 0.7T;

5 - H = 0.3 6 - H = 0.5 T: 7 - H = 0.1 T: 8-without tviF
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1 ~
2 —

Figure 12. The influence of MF intensity on the tritium release from LiaSiC^ 

pebbles during thcrmoannealing process. (Timnea|. = 545 K. taime:i|. = 10 min.. 
a„ = 4.8 MBq-g-1):

1 - Usum. (ilie total retention effect);

2 - uvol. (volume diffusion retention effect).
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IgU

373 473 573 673
T, K

The dependence of breakdown voltage on temperature. 
(1) nonirradiated Li4Si04 samples; (2) irradiated samples of

Li4Si04 ceramics (2 MGy).



6. Conclusions

1. It is worked out chemical methods for the investigation of radioly­

sis, which allow to determined various RD and RP in wide range of 

irradiation dose: 10-4 -— 103 MGy. The specific method gives

a possibility to examine distribution of RD and tritium in ceramic 

pebbles

2. The radiolysis of lithium-containing ceramic materials causes degra­

dation of matrix, but the degree of degradation is no more than it is 

no more than it occurs due to burn up of lithium during the operation 

of fusion reactor

3. Tritium can bound up with RD and RP, forming stable and meta­

stable links. The thermal stability of bounds are determined the 

kinetic of tritium release, and redox-potential - chemical form of 

tritium

4. Magnetic field changes the radiolysis kinetic of breeding material and 

hinders tritium release. The variation of MF value can cause the 

electro-degradation of blanket material
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Absorption spectra of LbO under D?Q vapor
pressure at 673K (reference = 833K)
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Absorption spectra of LhO under D2O vapor
pressure at 833K (reference = 833K)
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100.

D20
A : 500*0, 320Pa 
B ! 4600, 320Pa 
C : 4500, 320Pa 
D : 450 O, 400Pa

2660cm"1 2620cm" 2520cm"

Wave number (cm1)

Absorption spectra of \AiO after drying treatment
at 973K (reference = 1000K)
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Site B Site C
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t=75:3Tl\-B6#x.6ti^.

■ 3m 5>yj
?S# lc*g/j:?SSiJ

■ «R*x*;i,*-ii-tM l'CTS*<fc&3. cttte 
7k@S©ES/l^^EBJ: U ±l©^*lc < Zfci&T 
£>-5><h#x.bft-5o

e
e #

#
# #

# #

# * # * # #
# # * *

Site A
# # # #

# •*t* # ®
* ^

•o?.
#

•oS

# # * #
Site B Site C

AB#tKh %#%4ui,=F-E,d
A (relaxed)

A (unrelaxed) 
B
C

-0.268 eV
3.30 eV

0.354 eV
-0.438 eV
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l-i. B6tJ

- Uf-^A • ±75.97. (Li20,LiA102,Li4Si04tF)
59$(COv'T(7)

i. % < -y

• (Li4Si04,LiA102) UhtlZHmistc D2, D20 $S

• »&**«**>&. Li #**i:-3V'T=tllT5<,

. ©S • *Ha«»TTtt*MaiSIJE*fT*9»n (SS-y^b:> 

it) sussrs.
. Li4sio4icovT. u'<o*iroasr-. $B3t<D$tbtito-f 5tt 

*MRSStb*»JEt3.

IJSSo

3. P5#<7)$SS<Oti:6t
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2. SjSMftUfU-

2-1. Z'f-zfJizmx

12.7

Knudsen cell
Heater

'• Orifice 0.5mm<t>

;*Knudsen cell

-Sample

300mm L
•Spacer

•Thermocouple Gas inlet tube

■Supporting rod

--------Sweep gas (D2.D20)
2 (a) • iuummm (b)

100000

10000 -

1800[K] 1500[K] 1000[K]

10000/T[K]
m3 : (d2)
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2-3. HH&ft

• LI4S1O4 - D2 “ D2O ^

RunO -> SA*'X: » U
Runl -» SA*'X: D2
Run2 - #A#X: d2o
Run3 -> $A*'X: d2

+ 500 °C, 5B#iatei±
run3 I run2 (7)#^ ^ fr-fldjfilJ/E!
=> runl £: [iWWhMfi%>

- SUSSfflBH 950 °C~ 1150 °C

• LlAlo2 - D2 - D20

RunO (<-4r>-y#a) -> SA#X: 4' U
Runl ( AL' — > ^7 ®11M) -> SAfi'X: D2
Run2 -> SAti'X: d2o
- 1300 °c~i5oo °c
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2-6. JXfS (A),(B)

Penzhom et ah 
— 020

-3.5 -

Penzhom el al.

-11 -

0 8 (a) : ¥»£» I<a 0 8 (b) : KB

X zmxbtcKm#,

Li4Si04-z=2Li+l=202+Li2Si03 Km (A’)
D20+102+Li4Si04_I=2Li0D+Li2Si03 (B’)

_____________ 4_____________
x(runl)> $(run3)> x(run2)

nm&m'b<d#htmvmm 

v

99



• D
2*X

tC
J:5 L

i 
(runl). 

D
2#'B8-(t:<* ft/c D

20 C
Jr'J

LiO
D fc£E

• D
20 SA

tC
J:3 LiO

D tE
 (run2).

Partial Pressures [Pa] Partial Pressures [Pa]

- -

Partial Pressures [Pa] 
o
8 § p
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2-8. LiA102 - D2 - D20 * H *> It S J5fS

5LiA102=4Li+02+LiAl508 :Jxti5(D) Li WM
5LiA102+2D20=4Li0D+LiAl508 :JxJ£ (E) LiOD 
D2+|02=D20 :SJ® (C)

kd, ke 11 btcms
Kd = P(Li)4P(02) , Ke = P(Li0D)4/P(D20)2

.run1-

5.6 5.7 5.8 5.9 6 6.1 6.2 6.3 6.4
10000/T [K]

-1.5 ■

-2.5 ■

5.6 5.7 5.8 5.9 6 6.1 6.2 6.3 6.4
10000/T [K]

01 0 (a) : Kd 0 1 0 (b) : KE

[kJ/mol]

RunO Runl Run2

A^298(D) 2044.25 ± 46.68 2010.19 ± 70.88 2028.15 ± 140.59

Aff|98(E) — 952.22 ± 79.48 935.37 ± 94.80
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2-9. Li fg&IZMf 3#l!

. Li *!£ -* Tgf^aft
• Plfal = Pu + Pliod = 0.01 [Pa] tftSilS

Trriax £"? •§

• Tmax Ztl-ftKD
6>sm

Li20<7)t|-§\ VB+*T#T.

Tmax [K]

100

100

P(H20) [Pa]

P(H2) [Pa]

01 1 : Tma,0)D2s D20Eto¥tt(Li20)
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2-9-1. Ttnai(l'USi04)

Tmax [K]

P(D20) [Pa]
P(D2) [Pa]

(a) Runl

Tmax [K]

P(D20) [Pa]
P(D2) [Pa]

(b) Run2

m 12:Tmax(D D2, D20 EEttStt (Li4Si04)
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2-9-2. Tmox(LiA102)

Tmax [K]
1400
1300
1200
1100
1000

1

P(D2) [Pa]

(a) Runl

Tmax [K]

(b) Run2

HI 13: Tmax(D D2n D20 (LiA102)
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3-2. 1±SMMU$J1S

29(0^A> B CPD (Contact Potential Difference.
uttz) I*. s#<oft«iia$i0A. ^*ii't.

U _ 0a - <t>B 
e

^EllCj3V\Tx

[C(f7 + Vk + V)} + V = 0 (10)

C(t) ~ C0(l + m sin(ivt)) (11)

tl(i\ V (D Fourier
Vi it

Vi = mujRCo(Vk + U)( 1 + i?Co)"2
(12)

reference

sample

HI 14 :
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3-3. SflxEISB
. mw.<r>mm

Q) Piezoceramic 
/ element

(1). (2)
Function Piezo
Generator Driver

Gas
Outlet

'*■ Coolant '(5) Thermocouple

0 is: ttSIUIS*S«S<7)#S

- m#. mmp

• il]£%

-J<XT5E. m#y -r — K/<-y 0

• jsymx%
-HetH2
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3-5. #47 < -Krvy 7

Reference

Sample

Time

mis: MiEtaiieft-y-ros®
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C
PD

 (V
] 

C
PD

 [V
]

3-6. Li4Si04ttSB9&llS8SS

0.4 -

0.2 -

-0.4 -

time [min]

(11) (12)
0.2 -

-0.2 -

-0.4 -

time [min]

q 0.2 -

time [min]

IH19 : £i!j£lC43lt£ CPD(Li4Si04 - Pt) jBy£££

no-
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V
]

3-7.

-80 -70 -60 -50 -40 -30
NPQgtPa])

HI 20 : Li4Si04l±$mim(D^meJE###

• mmmm

i

2(n + l) 
1

2(n -j-1)

> V 'V

320 r 450 "C 640 “C

n 0.41 1.72 1.07 1.07
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-Li4Si04. LiA102<DSK%

JSftilC <fc 5 LiOD <0£j$ $ SSfl<UC$|l5 L £ „
- Li4Si04lC-3U'Tx > y +

CB#&^(*UtC&A'B, Li4Si04(7)^^jt#(7)W#E
LiAIO21C"3U'Ttix U

fcvA\ #6bTt>«S*S^*Frfi-T-ld:&ttiB8-¥FWT? 
S 5 o

- ESFiEilOSeliBIgA' B. Li fg^A'-FFSBrne t * Sfijg 
Tmax CO D2^E- D2O i^Et&^F'tt $ SFfi L A: <>

- ssiiHmsijffliTT'ttSMSoiijs: & fj* ? asa-iss^-

- Sfflm<D$<btc<fc3 LLSitLttSH&E-lbfcilte U t(o&mztm tz ut.
- Li4Si04ttWM&<7)S8S#Ett#ttA> B, 

R^JESA‘H*a*iJl!AfSSfl1l?* « itJ^e.A'1: 
Lfc0

5. #
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(£*-x) ±a *. *iie @m -tB. #m m%

smm

im k ^ ft 5 *SES#® ® to #® ^ ^ E-f-5 s 
iS@5rS3^ ^-<»SSSI!c**«)5 4*

m&v& ±L-t5o

1. SrCcQuYbAAgOo^tilfB^X^41/ifcS^^

(D)(o#*^#$rK%mf#m(ERDm 17-r 
7*- FfejjfcgL(RBS)&£ffl^Ta'J%L, 
SrCe095Yb005O3^th

2. #m##G (c j: % #mm L.
SrCe0.95Yb0.0538-5^ & <DDOS8fctoOi8S 

—)•§? 9t/S"f"" 5o
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ERD spectra
in ^ »ymymy Lulling. . y. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . |iini|iio8yomymiiiy.. ^inni|nniyMmymtfymywyfypywy«

as-recleved

1000 500, »t
Depth (A) ........ -

2000 1500 1000 500 0
..J......... JUUUJ^JJJW«™gWWIUiyWUUUUUUUWIZMUW^;»****l*IMMmj^=WH0«Mj

after heating
x20

• ♦ ♦ ♦» # ♦ ee $#* ♦♦♦ » ♦ ♦«w ♦ *«* e ♦

D gas exposure
XX X
** X XX >6< XX X Xxet x xxx x xx x

smock leoexx xx x xxxw upoocxxx x x xa* x»w» x>«XHKmwem80Kxxx*m*o8asa<x xx x xxwcoKx .::::rr::::::::soax 5®sc»o«x*x:8B«:

x20

as-implanted

after
heating at 70 C for 3 min.

11 fflimiftiiJ 111 IH iffLiiflwiiffiiiiEii ift11 ifi.i ifti i.i.fi 11111 ifli 11 iff ffl ffl Eiirnffl ft tin ifti i ifi i rfti \f\11 f fi -i^ i *'n'4i n f 11* —*—f—fi—*-

tk
fibuo.

0 100 200 300 400 500 600 700 800
Channel Number

IMI
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700

600

500

S 400

3L BBS spectra

1.7MeVHe^SrCe09SYb0 05O3.6

alter heating as-implanted fSgggat 70C for 3 min.
I _
«l<A.v. Sr

200

100

Channel Number



RBS# jctfERDX

Ha

h;V6D3StS

N

dx
ffi = + S(Ce) + 3S(0)}-Ns,c.o, + S(D)Nd

N,
Nsrceo3

—— =1.1 ± 0.1

a

a=8.584
b=6.011 
c=6.155
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Annealing Temperature (°C)
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5 keV D2+, saturation Implantation, R. I. 
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5 keV D2+, saturation implantation, R. T. 
Isothermal annealing at ▲ 50 °c

o 70 "c
♦ too"c
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0.01 .jJuujjjjJujjjj. JLjjjjbJL.....K..... ..............A.... J.. nfcimilw ....J—I—L

100 200 300 400 500
Annealing Time (min.)
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T fC)

isothermal annealing j

E = 0.52 ± 0.07 eV

E = 0.80 ± 0.25 eV

1000/T (K1)
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Bandourko, Vassili 
Grishmanov, Victor 

Huang, Jintao 
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University of Latvia
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