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Abstract 
Neutron irradiation embrittlement of nuclear reactor pressure vessel (PV) steels is one 
of die best known ageing factors of nuclear power plants. If die safety limits set by 
die regulators for die PV steel are not satisfied any more, and odier measures are too 
expensive for the economics of die plant, this embrittlement could lead to the closure of 
die plant. Despite this, the fundamental mechanisms of neutron embrittlement are not 
yet fully understood, and usually only empirical mathematical models exist to assess 
neutron fluence effects on embrittlement, as given by die Charpy test for example. 

In diis report, results of a systematic study of a French forging (1.2 MD 07 B), irradi
ated to several fiuences will be reported. Mechanical property measurements (Charpy, 
tensile and Vickers microhardness), and physical property measurements (small angle 
neutron scattering - SANS), have been done on specimens having die same irradiation 
or irradiation-annealing-reirradiation treatment histories. Empirical correlations have 
been established between die temperature shift and die decrease in die upper shelf en
ergy as measured on Charpy specimens and tensile stresses and hardness increases on 
the one hand, and die size of the copper-rich precipitates formed by die irradiation on 
the other hand. The effect of copper (as an impurity element) in enhancing the degra
dation of mechanical properties has been demonstrated; the SANS measurements have 
shown mat die size and amount of precipitates are important. 

The correlations represent the first step in an effort to develop a description of neutron 
irradiation induced embrittlement which is based on physical models. 

Introduction 
Neutron irradiation embrittlement of PV steels and welds continues to be a challenge to 
the nuclear industry in particular and materials science in general. Other processes which 
may also arise independendy of the irradiation as a consequence of ageing (material 
property changes with time at temperature) increase the complexity of understanding 
the exact mechanisms responsible for the impairment of mechanical property integrity. 
As nuclear power plants age and accumulate more fluence, the issues of plant ageing 
will become of paramount importance in selecting the options for further exploitation of 
the facility. Owners could be interested to extend the life of their plants for economic 
reasons for example, and some work has already been done on assessing how this can 
be achieved assuming that the PV is ;he life limiting component [1], [2]. Annealing has 
long been recognized as a tool which could be used to alleviate the effects of neutron 
embrittlement, but the full potential for plant life extension (PLEX) has yet to be realized 
on a large industrial scale in the West. To date, only die American army reactor (SM-
IA) [3] and the Belgian BR-3 reactor [4] have been wet annealed, at relatively low 
temperature (ca. 310°C x 168 h for the former, and ca. 340°C x 168 h for the latter), in 
order to recover mechanical properties. Annealing operations on J ^ viet—built reactors 
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have also been performed, but at higher temperatures (approx. 425°C x 100 h) [5J. It 
is of interest to note that the German Greifswald 1 vessel was annealed in 1988 using a 
temperature of 475 ± I0°C for 152 h; a 70 % recovery in the core weld ductile to brittle 
transition temperature was achieved [6]. To obtain high mechanical property recovery 
in 290°C irradiated PV's, annealing schedules using > 400°C x 168 h are envisaged 
[7]; this, unlike die cases mentioned in [3] and [4], necessitates a dry anneal procedure, 
involving auxiliary heating and removal of the PV internals. 

The sensitivity of a given ferritic PV steel or weld to degradation processes depends on 
many factors such as its chemical composition, product form, heat treatment (microstruc-
ture and stability thereof) and the irradiation conditions (temperature, flux, fluence and 
neutron energy spectrum). The undesirable role of copper (as an impurity) in promoting 
sensitivity to irradiation was identified conclusively in 1970 [8], and further studies have 
also implicated nickel and phosphorus as being detrimental under certain conditions [9], 
[10]. 

The present work describes a systematic study of a PV steel's mechanical property re
sponse to neutron irradiation and subsequent annealing treatments with a view to PLEX. 
The technique of SANS [11] has also been used in order to obtain specific information 
about the size and quantity of the irradiation induced copper-rich precipitates in the 
material, and these measurements have been associated empirically with the observed 
changes in mechanical properties [12]. Additionally, similar data originating from other 
work have been included for informative and comparison reasons. 

Experimental procedures 

1. Material 

The material used in the main irradiation programme was a specially selected PV steel 
melt, and the chemical composition (selected elements only) is given in Table 1 along 
with details about the original mechanical properties and the irradiation and heat treat
ment it received. The chosen combination of a "medium" copper content at 0.17 wt.% 
and "high" nickel at 0.87 wt.% was expected to render the material fairly sensitive to 
the irradiation that it would be subjected to. The specimens were loaded into a fully in
strumented capsule and then irradiated (and annealed - see 2 below) under a protective 
ga» atmosphere (He+N) to various fluences up to a nominal 5 x 10,9/cm2 (E > 1 MeV) 
at 290°C in the swimming pool type materials testing reactor SAPHIR. Further details 
are given in Table 1 and [1], [13]. Data originating from [14] were also analysed to 
facilitate a comparison. These materials had been irradiated at the same temperature but 
the flux used was higher, leading to much shorter irradiation times for a given target 
fluence. 
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2. Mechanical Testing and Heat TVeatment 

Vickers microhardness using a load of 1.962N (HV0.2), standard Charpy toughness and 
tensile tests at 0.02 mm/s under extension control were performed to assess the response 
to irradiation (I), annealing (IA) where A = 4S0°C x 168 h and reirradiation (IAR). 
The annealing schedule (A), used only in the case of die PV steel, was chosen on the 
basis of our earlier isothermal and isochronal studies of the recovery behaviour of the 
hardness of the material [1], [13], and selected for its potential use in die practical 
case of a full-size PV anneal. The heat treatment was carried out when 50% of the 
target fluence had been achieved. Afterwards, the rest of the irradiation was performed, 
leading to the IAR condition. Full details of the test procedures used are given in [1], 
[11], [12], [15] and a summary of the measurements is given in Tables 2 and 3. 

3. SANS measurements 

The technique is described in detail elsewhere [16] but a few salient points are outlined 
below for general information. 

Small angle neutron scattering (SANS) is a mediod to observe microscopically small 
objects, like defects with a diameter from 1 to several 10's of nanometres (nm) in 
a crystal, and to measure their average dimensions; in addition, information on the 
composition of the small objects or 'particles' is also obtained. The method, like 
small angle scattering in general, is based on the fact that a monochromatic beam (of 
neutrons, in this case) is diffracted or scattered at the boundary of die dispersed particles, 
so that the intensity pattern at a screen placed behind the sample shows variations 
characteristic to the size distribution of the diffracting objects. While the shape of diese 
variations is related to the size of the panicles, the amplitude of the variations, i.e 
die contrast, depends on their composition. More closely, the relevant quantity in the 
scattering experiment is K = (4;r/A) sin (8/2), where 8 is the diffraction angle and A 
is the wavelength of die incoming beam; one has to work at such conditions that n is 
near to (2^)/d, where d is the diameter of the particles to be detected. For a so-called 
'cold neutron' beam, one has A > 0.6 - 0.8 nm, so that particles with, say, 1 - 10 nm 
diameter are easily observable between scattering angles of 3 - 30 degrees. For ferritic 
iron based magnetic alloys the beam is scattered also by magnetic inhomogeneities, 
which gives additional information on the composition of the scattering particles. As 
a result, the experimental data allow a determination of the particle size distribution 
and some information on their concentration, as detailed in the original work [16] from 
which some results have been extracted for use here. 



4 

4. Empirical correlations 

Empirical correlations found between the various mechanical property measurements 
for the I-case are given in Table 3 [12]. The mechanical properties and radii of the 
copper-rich particles as a function of fluence for both the I and IAR cases are depicted 
in Figs. 1 - 5 . Hardness as a function of the volume fraction of copper-rich particles 
is shown in Fig. 6. 

5. Discussion 

Neutron irradiation increased hardness, 0.2% tensile yield stress (RpO.2), and tensile 
strength (Rm). The standard Charpy ductile to brittle transition temperature also in
creased with fluence whilst the upper shelf energy decreased, and these manifestations of 
irradiation damage were to be expected (Table 2). The intermediate annealing treatment 
of 450°C x 168 h, performed on some specimens, reduced the overall embrittlement but 
brought with it a contribution to mechanical property changes which were attributable 
to purely thermally induced processes (Table 2). This particular time-at-temperature 
response is probably material specific and this behaviour will require further detailed 
study. 

SANS measurements on the I condition material showed that the radius of the copper-
rich particles tended to increase with fluence and the different mechanical property 
changes could also be associated with the particle size, (Figs. 1 - 5 and Table 2). 
Questions arise about how the copper-rich particles evolve, and how they could then 
possibly influence the mechanical properties. To obtain an insight into this, it is a help to 
inspect the iron-copper thermal equilibrium diagram. Although the PV steel represents 
a relatively complex multi-component system, the simple binary diagram can still be 
of use in interpreting the behaviour. The solid solubility of copper in iron is extremely 
low, and at room temperature it is virtually zero [17]. The PV material contained 0.17 
wt.% copper and so all but a minute amount of copper would be expected to be present 
in the form of stable precipitates in the equilibrium condition, i.e. the iron matrix will 
strive to rid itself of the copper in solid solution depending on the temperature. A 
supersaturated state with respect to copper is metastable, but it could be achieved under 
the relatively fast cooling rates present in the standard heat treatment applied, see Table 
1 and [18]. With irradiation, the physical state of the parent matrix is one of increased 
stored energy due to the disruptions in its crystal pattern caused by the introduction 
of irradiation defects (interstitial and vacancy clusters and complexes of these with 
interstitial elements for example). Aided by higher diffusion rates as a consequence 
of the higher net vacancy concentration, the copper can come out of solution rapidly 
and athermally; this is an example of irradiation enhanced ageing [18]. The metastable 
copper-rich phase which first forms has to adopt the form of the body-centred-cubic 
crystal structure in order to be accommodated by the parent matrix [19]. The coherency 
strains associated with this process will create a hardening of the matrix since glissile 
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dislocations will be forced to circumvent the resulting strain fields, necessitating a larger 
amount of work to be done to create flow. As the fluence increases, the particles are 
likely to increase in size due to the higher diffusion rate of copper atoms caused by the 
even higher vacancy population. 

The situation is more complex for the case of the IAR condition as can be seen in Figs. 
1 - 5 . The behaviour may however, be partially interpreted in terms of a two size 
particle distribution model [16]. Essentially, for the IAR case, the first irradiation cycle 
causes the fine precipitation of copper-rich particles (irradiation enhanced precipitation), 
as discussed above for the I-case. The following heat treatment at 50% of the target 
fluence (450°C x 168 h), causes the small copper-rich particles to grow, thus removing a 
part of the particle/matrix coherency strains and also some copper from supersaturation. 
Interstitial carbon and nitrogen atoms, which formerly locked dislocations, could also be 
removed from solid solution, going preferentially to any remaining primary irradiation 
damage cluster sites [20]. The dislocations would then also become more mobile and an 
overall softening would result as observed. Removal of some primary irradiation damage 
due to the annealing would also lead to additional softening. The second irradiation 
cycle causes new damage in the matrix, and also creates again conditions whereby at 
least a part of the remaining copper can come out of solid solution, similar U> what 
happens in the I-case. However, these "new" particles will be small and coherent with 
the matrix, and will be again quite effective dislocation barriers, unlike the other "older" 
particles caused by the A treatment which are relatively larger (Table 2). The influence 
on the mechanical properties is a reduction of the total property change compared to 
the I-case because the A treatment not only influences the size and distribution of the 
copper-rich particles, but also reduces the relative amount of primary irradiation damage 
present. When the volume fraction values for the copper-rich particles are studied (Table 
2 and [16]), it is apparent that a relatively large amount of copper has come out of solid 
solution for the I-case at the higher fluences. For the IAR-case, there remains relatively 
more copper in solid solution for roughly equivalent fluences (Table 2). The indication 
is that the mechanical property changes are related to the amount of copper which has 
precipitated out, and this is true for the I-case. Also the amount of pri-nary irradiation 
damage is expected to be less for the IAR condition as well. However, it is not only 
the volume fraction which is important; the radius of the copper-rich particles will also 
play a role in the particle's ability to prevent the motion of glissile dislocations. For 
example, if the particles are too "large", moving dislocations can create loops around 
them and then proceed relatively unhindered through the matrix, in an analogous way 
to what is observed in age-hardening alloys in the over-aged condition [21]. 

The separate ageing effect without irradiation (UA-condition, on Table 2) observed in 
this material earlier [1], [13] was also studied using SANS, but no significant differ
ence could be determined between the as-received and aged conditions [22]. As a 
consequence of this, the effect must be ascribed to some other mechanism man that 
of significant copper precipitation; further work is needed to explain this behaviour. A 
possible explanation is that larger precipitates, not containing copper, may evolve during 
the A-treatment and that these affect the mechanical properties. The thermally induced 
ageing effect contributions appear to be additive to the irradiation induced property 
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changes though, irrespective of the mechanism which causes it. 

The h *dening effect of copper precipitates in non-irradiated iron has been interpreted 
by using a modulus interaction theory based on reduction of the energy in the part of 
a glissile dislocation passing through a relatively soft copper particle which is in an 
iron matrix [23]. In the present case, the complexity of the mechanism of hardening is 
increased by the presence of primary irradiation damage and at least a two size particle 
distribution of (nominally) small radius (0.6nm) and large radius (1.8nm) for the IAR 
state [16], the different number densities of the particles is also an additional factor to 
consider. The degree of precipitate matrix coherence will obviously play an important 
role as well. The smaller particles are likely to be more coherent than the larger ones. 
For a given total volume fraction of copper-rich particles, the material could have either 
a large amount of very small particles or relatively few large ones; a mixed distribution 
confounds a simple interpretation of the situation because the quantitative contributions 
of the two sizes of particle are not known directly. Structure-sensitive properties such 
as hardness and yield stress are extremely dependent on the structural distribution of 
precipitates and exhibit softening as the precipitates coarsen [21]; relatively coarse 
precipitates were present in the IAR-case (Table 2). When Figs. 1 - 5 are studied, the 
IAR behaviour is seen to be quite different to that of I. The I condition indicates that 
as the fluence increases, so does the radius of the copper particles and the mechanical 
properties also change indicating the effect the copper-rich particles have in causing 
hardening. The IAR condition exhibits a more complex behaviour in that the changes in 
properties are less as compared to the I-case for similar size copper-rich particles. This 
indicates that it is not solely the radius or volume fraction of the copper-rich particles 
which play a role in changing the mechanical properties, but also the amount of primary 
irradiation damage which is present. The intermediate annealing treatment is not only 
likely to cause some over-ageing (incoherency) of the particles, but it is liable to also 
reduce the amount of primary irradiation damage as well. The IAR condition therefore 
exhibits less property change compared to the I one for equivalent fluence levels (Table 
2). 

Results from reference [14] were examined and it was seen that the relative change in 
hardness could also be empirically correlated to the volume fraction of the copper-rich 
particles (only the I-case available, Fig.6). These model alloys [14] were different from 
the PV steel investigated principally here, and therefore exhibit another correlation line. 
Little [14] notes that the volume fraction of the fine neutron scattering centres increases 
monotonically with increasing copper content. The integrated intensities derived from 
SANS curves also rank in the same order of the radiation induced changes in hardness 
[14]. This latter observation is confirmed also for the PV steel (Fig.6). 

Phenomenologically, the behaviour indicates that the more copper there is available in 
solution, then, for a given amount of irradiation, the more will precipitate out causing 
greater changes in the mechanical behaviour. However, for a given volume fraction 
of precipitate, the PV steel showed a higher hardness increase compared to the model 
alloys (Fig.6). This indicates that it is not only the volume fraction which dictates the 
amount of property change, but othei factors such as the precipitate radius (amount of 
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coherency), distance between adjacent particles and other physical and compositional 
aspects, may also exert an influence. 

The empirical correlations (Table 3), indicate that the irradiation induced increases in 
hardness can be expressed in terms of the increases in other mechanical properties [IS]. 
Other workers have also established empirical relationships between microhardness and 
Charpy transition temperature [24], and tensile yield strength [25]. There is also a 
relationship between the fractional recovery of Charpy transition temperature and the 
fractional recovery of hardness; this has been ascribed to the fact that the changes are 
determined by the same microstructural defects [12], [15], [26]. 

For the owner of a nuclear power plant who may be considering the PV annealing 
option, any proposed treatment must be proven to bring about definite long-term gains 
in terms of mechanical property (fracture toughness, transition temperature etc.) re
covery. The response to the thermal treatment of a particular PV steel and associated 
weldments must be known in advance from previous studies of archive and irradiated 
surveillance material, and the benefits balanced against the costs; for example, decom
missioning the facility, especially prematurely, may in the long term, be even more 
costly than an annealing operation. In any case, a sufficient demonstration or proof of 
the efficiency of the treatment will certainly be required by the regulatory authorities. 
The principal material investigated here showed that ageing processes are additive to 
irradiation effects and therefore could potentially influence negatively the efficiency of 
an annealing treatment and this factor should not be ignored. A thorough knowledge 
of the material's behaviour obtained from annealing and ageing tests on the relevant 
materials is therefore essential. 

It should be mentioned here that a treatment of 450°C x 1.5 h has been performed on 
the PV steel irradiated under the same conditions as mentioned above, and the hardness 
and Charpy toughness properties benefited even more because the ageing effect was 
suppressed [1]. It is recognized however, that such a short time treatment would be 
unlikely to be a practicable solution on a large industrial scale though, due to heating 
up and cooling down considerations. The upper shelf energy actually benefited from 
the ageing effect, and such behaviour has also been reported by other workers [27]. 
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Conclusion 
It has been demonstrated that for the materials investigated, qualitative empirical re
lationships can be established between the size of copper-rich particles formed in the 
steel during irradiation, and changes in some of the mechanical properties. The effect of 
an intermediate heat treatment is to reduce die overall hardening and embrittling effect 
of neutron irradiation, but in turn, secondary ageing effects can affect die final result. 
The total quantity of primary irradiation damage is expected to be less in the IAR-case, 
leading also to an improvement in the mechanical properties compared to die I-case. 
As seen in earlier work, copper has been identified here as being responsible for causing 
increased sensitivity to neutron irradiation. The mechanism appears to be a radiation 
assisted ultra fine precipitation of copper-rich particles which dien harden die matrix 
leading to cmbrittlement. Similarity to classical age hardening behaviour exists since 
the matrix is supersaturated widi respect to copper as a consequence of non-equilibrium 
cooling conditions. 

The complex mechanisms of irradiation induced embrittlemcnt are still only partly un
derstood, and curves which can relate microstnictural changes to the mechanical ones 
indicate a direction towards die goal of acquiring more fundamental knowledge. This 
must lead to not only better reactor surveillance but may also enable attractive electricity 
supply and economic targets to be achieved by a PLEX operation, if it is performed at 
the appropriate time in die plant's life. 
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Table 1 
Chemical composition, heat treatment, aweceived properties and irradiation conditions 
of the PV steel. 

Forging 270 mm thick (a), Code 1.2 MD 07 B 

Si 

0.29 

Tin 
[C] 

290°C 

Composition 

Mn Ni P Cu 
[wt.%] 

1.47 0.87 0.02 0.17 

Irradiation Conditions (b) 

Spectrum Flux $ CE 
[E>lMeV] [$ PWR] 

PWR Tailored 125 

Mechanical Properties 

Rp0.2 Rm DBTT(41J) USE HV0.2 
[N/mm2] [°C ] [J] 
483 635 -37 150 234 

Testing (c) at Target Fluences (d) 

[x 1019/cm2] 
0.5 1.7 3.0 5.0 

a) 
Heat treatment: to 875°C in 7 h, hold 10 h, water quench, temper to 635°C in 6 h, hold 
11 h, furnace cool to 300°C , air cool. 

b) 
± 5°C in 80 % of irradiation time and ± 10°C in 20 % of irradiation time; temperature 
control by thermocouples located at strategic places over the whole specimen volume. 
$ PWR = flux level typical of a PWR (~ 5 x 1010/cm2/s), $ CE = flux level at the 
core edge positions of the swimming pool type materials test reactor SAPHIR. 

c) 
Standard Charpy ISO-V-specimens, 2 or 3 tested at each temperature, notch direction 
T-L; average value of 2 tensile tests and 5 hardness determinations taken for data 
analysis. 

d) 
Neutron fluence determination using Fe, Cu, Ni and Nb. 
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Table 2 
Summary of measurements obtained from the PV steel in various conditions of irradi
ation and annealing. 

Condi
tion 

UA 

I 

IAR 

0.43 
1.47 
3.18 
5.10 

0.47 
1.57 
2.67 
5.10 

TOTAL CHANGES (A) 
"Transition 
Temp.[°C ] 

18 

28 
57 
90 
106 

51 
77 
63 
84 

USE 

[J] 

+16 

-6 
-15 
-34 
-35 

15 
0 

-6 
-12 

Hard
ness 

12 

40 
53 
73 
83 

30 
41 
55 
62 

Rp0.2 Rm 
[N/mm2] 

13 

83 
179 
243 
309 

41 

119 
100 
121 

1 

123 
196 
222 
269 

57 
102 
132 
114 

SANS DATA 
Volume 

Fraction [%] 

0.06±0.06 
0.16 

0.18±0.015 
0.16±0.010 

0.038 
0.06-0.009 
0.05-0.022 
0.092-0.016 

"Radius 
[nm] 

0.595±0.1 
0.720 

0.87 ±0.07 
0.89±0.08 

0.564 
0.93-3.12 
0.89-2.42 
0.69-2.06 

UA = unirradiated + annealed (450°C x 168 h). 

I and IAR are dosimetric fluences / X1019/cm2, E > lMeV. 

* Charpy transition temperature is defined at the 41J energy level. 
** For the I-case, the typical errors are shown whilst for the IAR-case the radii of the 
two paui:.ic size distribution are given [16]. 

Table 3 
Empirical equations between the changes (A) in various mechanical properties of the 
French PV steel for the I-case. (see also [15]). 

AHV = 
AHV = 
AHV = 
AHV = 

0.56ACv + 23.21 
0.20ARp 0.2 + 21.85 

0.31 ARm + 0.25 
-1.33AUSE + 32.37 

r = 0.99 
r = 0.98 
r = 0.96 
r = 0.98 

For the appropriate degrees of freedom (2), the value of r should be equal to or exceed 
0.95 for the 5% level of significance; see for example Neville A. and Kennedy J. in 
Basic Statistical Methods for Engineers and Scientists, Intertext Editions, (Edition 1968, 
p. 314), Intertext Books, London. 
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Figure 1: Radius of copper-rich agglomerates and corresponding Charpy toughness 
transition temperature increase (A°C ) as a function of fluence. The IAR condition TT 
shows considerably less shift compared to the I-one at fluences > 1.5 x 1019/cm2. The 
radii of the particles in the IAR condition ("small" distribution only considered - see 
Text) are subject to relatively large errors though (see Table 2). 
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Figure 2: Annealing lessens the loss in upper shelf energy (A J). Although the radii of 
the agglomerates in both conditions (I and IAR) are fairly similar, an effect on the USE 
is indicated. The heat treatment is likely to reduce the amount of primary irradiation 
damage, as well as influencing the particle size distribution of the particles. 



16 

100 

- 80 

- 60 

- 40 

- 20 

CM 
Ö 
> 
I 

CO 

i 
Q 
«r 
< 
Q 

UJ 

a 
UJ 
cr 
o 

FLUENCE [/1019cm-2] 

Figure 3: Microhardness benefits from the intermediate annealing treatment; as the 
fluence increases, the advantage over the I-condition also improves. The reirradiation 
behaviour shows that the hardness increase with fluence continues to lie below that of 
the I-condition. 
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Figure 4: Tensile yield stress (Rp 0.2) increase (A N/mm2) as a function of fluence. 
The IAR-condition shows relatively little variation in Rp0.2 after a fluence of > 1.5 x 
1019/cm2 and exhibits considerable advantage over the I-condition. 
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Figure 5: Tensile strength (Rm) increase (A N/mm2) as a function of fluence. The 
influence of the particle size is seen for the I-condition. The IAR-condition is more 
complex though. Despite similar radii of the copper-rich panicles, the IAR-condition 
shows less increase in Rm. The amount of primary radiation damage and the two size 
particle distribution are also likely to influence the value of Rm. 
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STEEL 1.2 MD 07B (I), MODEL ALLOYS (2) [14] 

VOLUME FRACTION OF PRECIPITATES [%] 

Figure 6: Relative increase in microhardness as a function of the volume fraction of the 
copper-rich precipitates for two types of steel. The data points (2) originating from the 
work of Little [14], show special compositional variations in weight % of an A53 '-B 
base material: A-pure base, B-plus 0.1 % Cu, C-plus 0.35 % Cu, D-plus 0.35 % Cu 
and 1.27 % Ni and E-plus 0.07 % P. The beneficial effect of annealing (data set 1, filled 
circles) is evident. For each material, the hardness increases with the volume fraction 
of copper-rich precipitates. Open and filled circles, 0.5 - 5 x 1019/cm2 (this work), 
filled triangles [14], 3 x 1019/cm2, E > lMeV. 


