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Introduction

The level of damage expected in functional materials for future fusion reactors is generally much 
lower than structural materials, but the degradation of their physical properties is also generally 
observed at very low dose levels compared to the latter. Normally the properties of interest (DC 
Electrical resistivity, HF dielectric absorption, optical transmission etc.) degrade long before 
mechanical integrity is an issue.

This weakness is in part related to the more important effects of ionizing energy on both, covalent and 
ionic, insulators or semiconductors.

As irradiation in fission and fusion reactors (even spallation sources) also involves the participation of 
gamma radiation, it has to be taken into account for total damage calculation. In the case of ions, the 
energy partition provides the amount of electronic (ionizing) energy lost in the material.

In general and regarding radiation, insulating materials can be divided in two groups depending on 
whether they experience radiolysis, (i.e. purely ionizing radiation can produce noticeable amounts of 
atomic displacements) or not. First group includes for example alkali halides and fluorides. But, 
although radiolysis is negligible in the second group (radiation-hard materials), collateral effects of 
ionizing radiation have been observed (when combined with displacement damage). Therefore it is 
important to make some comments about the concept and use of dpa (displacements per atom) in this 
large family of materials.

Relevance of dpa concept to damage in insulators.

Currently, there are two main methods used to calculate the primary displacement damage by neutron 
irradiation or by ion irradiation. First, the displacement damage doses induced by neutrons are 
calculated considering the NRT model [1] based on the electronic screening theory of Linhard [2]. 
Second, for experimental research community, SRIM code is commonly used to calculate the dpa 
damage dose induced by ion irradiation. Since in both cases ionizing energy is not used to calculate 
the dpa, errors are introduced for insulators/semiconductors as it will be now presented.

An important aspect related to early damage creation is that ionizing radiation can promote the 
recovery of displacement damage in many ceramic insulators by enhancing the mobility of point 
defects (ionization-induced diffusion) [3,4,5] because charge state of SIAs’ depend on the ionizing 
level. Enhanced point defect annealing and coalescence due to ionization-induced diffusion processes 
have been observed for both self-interstitial atoms and vacancies. Although exceptions may occur, in 
general this enhancement in diffusion leads to improved radiation resistance since many of the 
produced point defects are annihilated via recombination events or at sinks such as grain boundaries.

On the other hand, high ionizing levels can contribute to enhance Frenkel pairs production in 
insulators. Therefore, as a general conclusion, when comparing different irradiation conditions 
(electronic stopping powers), ionizing radiation can lead to either a substantial enhancement or 
suppression of radiation resistance in ceramics, but certainly to differences with NRT dpa formula.

As a clear example the results for conductivity degradation, known as RIED (Radiation Induced 
Electrical Degradation) are presented in Figure 1 for A120 3, a typical “radiation resistant” insulator. 
This figure summarizes the observed results using different radiation sources but measuring the same 
property (and using approximately the same conditions of temperature and electrical field...). 
Although still a bit controversial, it is a perfect example of previous discussion.
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Figure 1. Summary of electrical conductivity degradation (R1ED) in alumina as a function of classical 
dpa dose for several irradiation particles (from electrons to neutrons) [6 ].

When using the classical dpa formula to compare the damage, it becomes dramatically evident that 
RIED does not scale at all with dpa, but depends on ionization level of incident radiation. It can be 
seen that results depend strongly on it producing shifts of several orders of magnitude in dpa dose. 
High levels of ionization, as is the case for electrons induce earlier degradation of the conductivity, 
followed by protons, alpha particles and finally neutrons (with the lower % of ionization).

Another interesting result is the previously commented low level of dose where degradation appears, 
around only 3 10"5 dpa for electrons. The best case (neutrons) is around 0.1 dpa. Therefore, although it 
can be argued that previous results are not just primary damage, these effects appear at very low 
damage levels and are triggered by a different damage production rate.

In Figure 2 the data are presented in a different way, demonstrating that a good agreement for the level 
of electrical degradation can be obtained when plotted as a function of total ionizing dose (Gy) instead 
of dpa. Figure shows in-reactor conductivity measurements for a high purity alumina. The figure also 
shows the estimated RIED contribution extrapolated back to the low dose region, which cannot be 
directly measured in-reactor. This now allows one to compare the in-reactor RIED with values 
obtained for electron, proton, and alpha particle accelerator irradiations of similar alumina grades. 
When all these data are plotted in terms of ionizing dose (Gy), the RIED values, except for one of the 
alpha particle data, now agree very well, highlighting the importance of the ionizing component for 
RIED degradation. For details reader can consult reference [7].

86



Dust; (Gy)
1 0 ' 10® 10* in 10

1 0 * 

S ,
jr 1 0 'W'

£  8> 1 0 ’8

U
"O 1 0

10

10,-11

ln-rrartnr RK +RIRD 
500 C, 53  kGy/s
.  .  i  ’

2

J / T
5

Estimated KIKl)
1 V 1: e,450 C, 0.7 kC.v/s 

2; p, 500 C, 50 kGy/s 
3: a , 450 C, 112 kGy/s 
4: a , 450 C, 1.1 MGy/s 
5:nt 450C, 10 kGy/s

+  ” VU(ix" »lum in» 
l:e, 2:j», 3& 4:u, 5: n(PIE)

0,1 1 10' 10* 
Reactor "Full Power Days" (tl)

Fig. 2. JMTR in-reactor electrical conductivity measurement 
at 500°C. 5,3 k C y/s, and estimated R1ED degradation 
plotted as a function of reactor full power days and 
total ionizing dose, together with data for electron (I: 
450°C . 700 G v/s). proton (2: 500°C . 50 kG y/s), alpha 
(3: 450°C , I 10 kG y/s), alpha (4: 450°C , 1.1 M G y/s), 
and PIE neutron (5: 450°C , 10 k G y /s) irradiations plot
ted as a function o f  the total ionizing dose (Refs. 25 
through 29 and 32).

Finally, although it is outside the scope of this summary, it has to be mentioned that at higher stopping 
powers (electronic dE/dx > 5-50 keV/nm, depending on the material), additional dpa's can also be 
created via inelastic collision processes in the vicinity of the ion track (normally produced by swift- 
heavy-ions). This is also beyond the NRT dpa concept of damage, mainly due to the extreme energy 
density deposited locally.
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