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Abstract

For the performance assessment of fusion reactor solid breeder materials, the production behavior of irradiation

defects in the ternary lithium ceramics of Li2SiO3 and Li4SiO4 was studied by an in situ luminescence measurement

technique under ion beam irradiation of H� and He�. For comparison the measurement was also performed with

vitreous SiO2. The temperature dependence of the luminescence intensity and the transient behavior of the luminescence

intensity on temperature changes were measured for kinetic aspects of the involved reactions, and the production

mechanisms and kinetics of the irradiation defects in these lithium ceramics were discussed. Ó 2000 Elsevier Science

B.V. All rights reserved.

1. Introduction

For the performance assessment of fusion reactor

blanket systems, the e�ects of irradiation on the tritium

release behaviors and microstructural changes of lithium

ceramics are particularly important. In spite of its im-

portance, however, little is yet known on the mechanism

of these e�ects [1,2].

For a clearer understanding, we have studied the

production behavior of irradiation defects in some

candidate lithium ceramics by an in situ luminescence

measurement technique under ion beam irradiation. In

Li2O, it has been con®rmed that the F� center (an ox-

ygen vacancy trapping an electron) and the F0 center (an

oxygen vacancy trapping two electrons), which are

commonly observed in ionic compounds, are formed by

irradiation [3,4]. Similarly, the irradiation defects of

oxygen vacancies are produced in Li2SiO3 and Li4SiO4

[5,6]. These defects are considered to play an important

role in the tritium behavior [2].

In our recent studies [7,8], the production behavior of

irradiation defects in the ternary lithium ceramics of

Li2TiO3, Li2ZrO3 and Li2SnO3 was studied, and the

production mechanism of irradiation defects in these

materials was found to be rather similar to that in Li2O.

For comparison, the present study deals with kinetic

aspects of the production behavior of irradiation defects

in Li2SiO3, Li4SiO4 and SiO2. The transient behavior of

luminescence intensities for temperature changes was

measured and the results were analyzed to determine the

values of kinetic parameters of the involved reactions.

2. Experimental

The lithium ceramics of Li2SiO3 and Li4SiO4 were

prepared by solid-state reactions. Powders of SiO2 of

reagent grade from Nacalai Tesque, were milled with

Li2CO3 in stoichiometric amounts and calcined at 1223

K for 8 h. The formation of each compound was con-

®rmed by X-ray di�raction. The contents of Li2SiO3 in

Li4SiO4 and of Li4SiO4 in Li2SiO3 were found to be

negligible (<1%) by di�raction peak analysis. Pellet-type
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samples of 10 mm in diameter and about 1 mm in

thickness were sintered at 1423 K for 8 h. A vitreous

SiO2 (T-1030) of the same size was obtained from Tos-

hiba Ceramics.

A 2 MeV H� or He� ion beam, accelerated with a

Van de Graa� accelerator, was led to the target sample

at 90°. The size of the ion beam was about 3 mm in

diameter and its current was monitored. The lumines-

cence from the target sample was led to monochrom-

aters, Ritsu MC-20N, and counted with photo-

multipliers, Hamamatsu R585. The temperature of the

sample holder was controlled with an electric heater and

a thermocouple, while another thermocouple was at-

tached to the sample surface to monitor its temperature.

3. Results and discussion

3.1. Luminescence bands

Fig. 1 shows typical luminescence spectra of Li2SiO3,

Li4SiO4 and SiO2 under He� ion beam irradiation. For

comparison, the ordinate represents luminescence in-

tensity normalized to the beam current of 1 lA; the peak

heights have been observed to be proportional to the

beam current and then all of the spectra in the present

study are corrected with the beam current. Similar

spectra were also observed under H� irradiation. As

shown in Fig. 1, the observed luminescence spectra are

decomposed into a number of luminescence bands,

namely 330, 380, 420 and 490 nm for Li2SiO3, 350, 420,

470 and 520 nm for Li4SiO4, and 280, 450 and 490 nm

for SiO2. For the decomposition, following the manner

in the previous study [7], energy-based Gaussian func-

tions were taken for all the luminescence bands and the

peak heights and positions were determined. For a

proper convergence, the peak width has been assumed to

be given by an empirical correlation that y � cxÿ2, where

y denotes the peak width in eV, x the peak position in eV

and c is the constant.

Although no clear di�erence in the luminescence

spectra between Li2SiO3 and Li4SiO4 has been observed

in the previous studies [5,6], the spectra of Li2SiO3 and

Li4SiO4 are found to di�er from each other in the pre-

sent study. By considering the higher purity (>99%) of

the presently used samples which has been con®rmed by

X-ray di�raction, however, the present results are be-

lieved to be more reliable. The previous results are thus

considered to show some contamination of Li4SiO4 with

a small amount of Li2SiO3.

Figs. 2 and 3 show the Arrhenius plots of the lumi-

nescence intensity at ®xed bands for Li2SiO3 (380 nm)

and Li4SiO4 (470 nm), respectively. As shown in Fig. 2

for Li2SiO3, the intensity increases with temperature and

reaches the maximum value at around 650 K and then

decreases above the temperature. In Fig. 3, a similar

Fig. 1. Typical luminescence spectra of Li2SiO3, Li4SiO4 and

SiO2 under He� ion beam irradiation. The ordinate represents

luminescence intensity normalized to the beam current of 1 lA.

Curves represent the results of decomposition as described in

3.1.

Fig. 2. Arrhenius plots of luminescence intensity of Li2SiO3

under (a) H� and (b) He� irradiations. The ordinate represents

luminescence intensity normalized to the beam current of 1 lA.

Marks are experimental and curves represent the least-squares

®ts of the data to Eqs. (4) and (5) as described in 3.4.
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trend is also recognized for Li4SiO4 though it is not so

signi®cant. Thus the observed temperature dependences

are not monotonic, and at least two di�erent sources of

the luminescence are considered to be present in these

ceramics. A similar situation is also considered to hold

for SiO2 as shown in Fig. 4.

3.2. Temperature-transient behavior

Fig. 5 shows a typical result of the temperature-

transient behavior of luminescence intensity in Li2SiO3.

For a temperature increase, the luminescence intensity

®rst increases, thereafter it decreases and settles down to

an equilibrium value. This phenomenon is the so-called

excess luminescence as reported for Li2O [4] and for

other lithium ceramics of Li2TiO3, Li2ZrO3 and Li2SnO3

[8]. In the case of Li2O [4], the excess luminescence was

observed to depend on the irradiation time before the

temperature change and increase with increasing irra-

diation time. Also, it was found that the excess lumi-

nescence intensity saturated at some equilibrium value

which was roughly proportional to the second power of

the beam current. It was then suggested that the second-

order reactions of irradiation defects were involved in

the reaction mechanism. In the case of the ternary ce-

ramics such as Li2TiO3, on the other hand, it was found

that the excess luminescence was little dependent on the

irradiation time except for the very early stage of irra-

diation and that the equilibrium condition was attained

very rapidly for the involved reactions [8].

The present results of Li2SiO3 and Li4SiO4 are found

to be a little di�erent from those of Li2O and of Li2TiO3,

Li2ZrO3 and Li2SnO3. In Fig. 6, the excess luminescence

is plotted as a function of irradiation time before the

temperature increase. It can be seen that the excess lu-

minescence decreases with increasing irradiation time

when the irradiation temperature is kept high, while it is

Fig. 3. Arrhenius plots of luminescence intensity of Li4SiO4

under (a) H� and (b) He� irradiations. See also Fig. 2 caption.

Fig. 4. Arrhenius plots of luminescence intensity of SiO2 under

(a) H� and (b) He� irradiations. See also Fig. 2 caption.

Fig. 5. Temperature-transient behavior of luminescence inten-

sity at 380 nm for Li2SiO3 irradiated with 2 MeV H� ions of

5 nA. Irradiation time before a temperature increase is 300 s.

Fig. 6. Dependence of excess luminescence on irradiation time

for Li2SiO3 irradiated with 2 MeV H� ions.
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rather constant at lower irradiation temperatures. This

indicates that the excess luminescence is associated with

the formation of irradiation defects for which some ac-

tivation energy is needed. At lower temperatures, such a

defect could not be formed by irradiation before the

temperature increase, and any irradiation history might

not be observed. At higher temperatures, on the other

hand, the defect will be formed before the temperature

increase and, because of the e�ect of saturation, its

formation following the temperature change will de-

crease with increasing irradiation time.

3.3. Production mechanism of irradiation defects

It is important to address the observed luminescence

bands to respective sources. However, such an infor-

mation is still lacking for lithium silicates, and extensive

studies of SiO2 are referred for the interpretation of the

observed phenomena and for the suggestion of a possi-

ble production mechanism of irradiation defects.

In the case of SiO2, there have been reported two

types of irradiation defects [9]. One is the oxygen-de®-

ciency-related defects of the so-called E0 centers and

some variants of oxygen de®ciency centers (ODCs), and

the other the oxygen-excess-related defects such as the

non-bridging oxygen hole centers and the peroxy radi-

cals. As for the luminescence of irradiation defects, it is

known that the luminescence of ODCs is observed at the

UV region around 2.7 eV (460 nm) and 4.4 eV (280 nm)

while that of the others like the non-bridging oxygen

hole centers is observed at rather low photon energy

region. Thus the presently observed luminescence from

SiO2 which is centered at 440 nm can be attributed to

ODCs. Also, by considering a structural analogy be-

tween SiO2 and silicates, the formation of similar type

irradiation defects may be expected for lithium silicates.

According to recent studies of silica, the luminescence

intensity is linearly dependent not only on electronic

excitation rate [10] but also on displacement rate [11],

and it is reasonable to assume that the luminescence

comes from the relaxation process of newly formed

ODCs trapping electrons.

In our previous study [6], it has been reported that

the observed temperature-dependent behavior is associ-

ated with the formation of the oxygen vacancy centers in

the LiOn polyhedra like ODCs in SiO2 which is ac-

companied with the incorporation of the removed oxy-

gen atom into an adjacent SiO4 tetrahedra to form a

peroxy linkage. In general, however, the formation of

ODCs is not necessarily accompanied with the forma-

tion of peroxy linkages but of oxygen interstitials.

Considering these two processes, the following produc-

tion mechanism of irradiation defects in Li2nSiOn�2

�n � 0; 1; 2� can be suggested:

Li2nSiOn�2 ! Li2nSiO�n�2 �1�

Li2nSiO�n�2 ! ODC�Oi � hm �2�

Li2nSiO�n�2 ! ODC� �±O±� � hm �3�
Reaction (1) represents the production of an excited

Li2nSiOn�2 (Li2nSiO�n�2) by ion beam irradiation, and

reactions (2) and (3) represent the formation of an ODC

accompanied with the formation of an oxygen intersti-

tial (Oi) and a peroxy linkage (±O±), respectively. There

are two types of ODCs of the relaxed ODC(I) and the

non-relaxed ODC(II) for SiO2 [9], and then some dif-

ferences may be expected for ODCs in reactions (2) and

(3). Because of the lack of information available, how-

ever, any distinction of ODCs is not made in the present

study. Such a distinction is not so easy since ODCs are

diamagnetic and thus invisible to electron paramagnetic

resonance (EPR) techniques.

Reaction (3) requires some thermal activation and

will take place at high temperatures since the moved

oxygen atom is incorporated into a peroxy linkage. This

is the reason why the luminescence of reaction (3) is

observed at high temperatures. Reaction (3) is also

consistent with the observation in which the excess lu-

minescence decreases with increasing irradiation time at

higher temperatures since the formation of peroxy

linkages is saturated by irradiation before the tempera-

ture change.

3.4. Determination of kinetic parameters

It is interesting and important to obtain the rate

constants of reactions involved in the production of ir-

radiation defects. Based on the suggested reaction

scheme, the observed temperature dependence of the

luminescence intensity can be analyzed.

Following the reaction scheme, the observed lumi-

nescence intensity I is expressed as

I � I1 � I2 � k1�Li2nSiO�n�2� � k2�Li2nSiO�n�2�; �4�
where I1 and I2 are the luminescence intensities, and k1

and k2 are the rate constants of reactions (2) and (3),

respectively. The lifetime of Li2nSiO�n�2 is assumed to be

very short and a steady-state approximation is applied

to Li2nSiO�n�2, that is:

d�Li2nSiO�n�2�=dt

� g0 ÿ k1�Li2nSiO�n�2� ÿ k2�Li2nSiO�n�2�
ÿ
X
i=3

ki�Li2nSiO�n�2� � 0; �5�

where g0 is the apparent generation rate of Li2nSiO�n�2 by

reaction (1) and ki (i=3) are the rate constants of the

reverse reaction of reaction (1) and of some other non-

radiative transition of Li2nSiO�n�2. In order to calculate
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the luminescence intensity, the steady-state concentra-

tion of Li2nSiO�n�2 is obtained from Eq. (5) and substi-

tuted into Eq. (4).

In the present analysis, the obtained data for the

temperature dependence of the luminescence intensity

are ®tted to Eqs. (4) and (5) by least-squares method.

The rate constants are assumed to be of the Arrhenius

type and hence the pre-exponential term Ai and activa-

tion energy term Ei are determined. For a proper con-

vergence, the number of free parameters is reduced as

much as possible. The energies needed for the produc-

tion of Li2nSiO�n�2 and for its reactions are essentially the

same in each lithium ceramic. Thus the generation rate

per unit deposited energy and the activation energy

terms are assumed to be the same in each lithium ce-

ramic irrespective of the di�erent projectile ions of H� or

He�. On the other hand, the pre-exponential terms are

treated to be di�erent for di�erent projectile ions since

di�erent reaction conditions may be expected due to

di�erent linear energy transfers. As shown in Figs. 2±4,

the observed temperature dependence of the lumines-

cence intensity is well ®tted to Eqs. (4) and (5), and the

values of kinetic parameters of the involved reactions

are obtained as given in Table 1.

As can be expected for the ®rst-order reactions, all

the ratios of A2/A1, A3/A1 and A4/A1 are rather inde-

pendent on the projectile ions. However, it may be

found that the A2/A1 value for both ceramics is slightly

larger for H� ions than for He� ions. This di�erence will

be explained by considering di�erent linear energy

transfers of the projectile ions. As mentioned above,

reaction (3) for the formation of the ODCs accompanies

the incorporation of the moved oxygen into a peroxy

linkage, and it will be reduced when the sites for peroxy

linkages are saturated. This is the reason why the dif-

ferent A2/A1 values are obtained for di�erent projectile

ions. In the case of H� ions of the lower linear energy

transfer, the speci®c ionization and hence the local

concentration of Li2nSiO�n�2 will be low in the ion tracks

and the sites for peroxy linkages are hardly saturated,

leading to the higher yield of reaction (3). In the case of

He� ions, on the other hand, those sites will be more

easily saturated and then reaction (3) will be reduced.

For the activation energy values, it may be noted that

the values of E2 ÿ E1 for reaction (2) increases in the

order of Li2SiO3, Li4SiO4 and SiO2. This indicates that

the formation of ODCs accompanied with the formation

of peroxy linkages is much dependent on the material

structures. In fact, the highest value is observed for SiO2

in which the strongest linkage structure is expected. On

the other hand, the values of E3 ÿ E1 for the reverse

reaction of reaction (1) are rather small and not so de-

pendent on the materials. It is considered that the re-

verse reaction is promoted by the di�using Oi, and that

the similar values re¯ect the similarities of the Oi di�u-

sion in these materials. In the case of the values of

E4 ÿ E1, it is also considered that the non-radiative

transition of Li2nSiO�2n�2 is related with the decomposi-

tion of peroxy linkages of which the activation energy is

relatively high.

4. Conclusions

In order to know the production behavior of irradi-

ation defects in the ternary lithium ceramics of Li2SiO3

and Li4SiO4, the transient behavior of luminescence in-

tensities for temperature changes was studied as well as

the temperature dependence of the luminescence inten-

sity. The results of Li2SiO3 and Li4SiO4 were found to

di�er little from those of Li2O and of the other ternary

ceramics, and the production mechanism of irradiation

defects was suggested in which ODCs were formed to-

gether with oxygen interstitials and peroxy linkages.

By taking the suggested production mechanism, the

temperature dependence of the luminescence intensity

was analyzed and the kinetic parameter values of the

pre-exponential terms and activation energies were de-

termined for the involved reactions. The obtained results

were compared for di�erent projectile ions and inter-

preted by considering di�erent e�ects of linear energy

transfer on the involved reactions. For further details of

Table 1

Optimum parameter values obtained from the analysis of in situ luminescence measurement data

Ceramics Projectile k2=k1 � A2=A1

exp �ÿ�E2 ÿ E1�=RT �
k3=k1 � A3=A1

exp �ÿ�E3 ÿ E1�=RT �
k4=k1 � A4=A1

exp �ÿ�E4 ÿ E1�=RT �
g0 (sÿ1)

A2=A1�ÿ� E2 ÿ E1

(kJ/mol)

A3=A1�ÿ� E3 ÿ E1

(kJ/mol)

A4=A1�ÿ� E4 ÿ E1

(kJ/mol)

Li2SiO3 H� 1.2 ´ 106 35.1 1.8 ´ 106 29.9 4.9 ´ 1013 134.2 6.7 ´ 105

He� 7.0 ´ 105 (35.1)a 4.6 ´ 106 (29.9)a 1.8 ´ 1014 (134.2)a (6.7 ´ 105)a

Li4SiO4 H� 2.3 ´ 105 50.7 4.3 ´ 105 41.1 2.7 ´ 1013 153.0 5.4 ´ 104

He� 5.4 ´ 104 (50.7)a 9.9 ´ 105 (41.1)a 1.5 ´ 1013 (153.0)a (5.4 ´ 104)a

SiO2 H� 9.8 ´ 106 72.0 3.4 ´ 103 32.4 1.1 ´ 1010 104.1 9.6 ´ 102

He� 2.6 ´ 106 (72.0)a 3.2 ´ 103 (32.4)a 2.1 ´ 1010 (104.1)a (9.6 ´ 102)a

a Assumed to be the same for both H� and He� ion irradiations of each ceramic.
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the production mechanism, investigation is suggested on

the defect species themselves such as ODCs.
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