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Abstract

A computational analysis is presented of the nuclear iradiation parameters for Beryllium

under irradiation in typical neutron environments of fission and fusion reactors, and of the

presently designed intense fusion neutron source IFMIF. The analysis shows that dpa and

Tritium production rates at fusion relevant levels can be achieved with existing high flux

fission reactors while the achievable Helium production is too low. The resulting He/Tritium

and He/dpa ratios do not meet typical fusion iadiation conditions. Irradiation simulations in

the medium flux test modules of the IFMIF neutron source facility were shown to be more

suitable to match fusion typical irradiation conditions. To achieve sufficiently high production

rates it is suggested to remove the creep-fatigue testing machine together with the W spectra

shifter plate and move the tritium release module upstream towards the high flux test module.
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Introduction

The Helium Cooled Pebble Bed (HCPB) breeder blanket concept, being developed in

the frame of the EU fusion technology programme for a fusion power plant [1], relies on the

use of Beryllium as neutron multiplier. During plant operation, Beryllium will be subjected to

high neutron radiation loads resulting in high Helium production rates and a high

displacement damage accumulation which significantly affect the material properties (e.g.

swelling, heat conductivity, T-release). In addition, Tritium is being produced at a significant

level which is of considerable safety concern as it might accumulate to a large extent in the

Beryllium.

The behaviour of Beryllium under irradiation is a key issue for its use in the HCPB

blanket. Irradiation experiments are required to investigate the material behaviour when

exposed to high neutron fluences as being anticipated for a fusion power plant. Irradiation

experiments of this type are being performed in high flux fission reactors due to the current

lack of a suitable intense 14 MeV neutron source facility. The use of fission reactors,

however, necessitates the proof that fusion reactor conditions can be achieved with regard to

the dpa accumulation, the Helium and Tritium gas production. This is also required when

considering the irradiation of Be in the presently designed intense fusion neutron source

facility FMEF utilizing the D-Li reaction to produce high energy neutrons 2].

In this paper, we present a comparative analysis of the nuclear irradiation parameters

of Beryllium under irradiation in typical neutron fields of fission and fusion reactors and the

I1FM-EF neutron source. This comparison allows to evaluate how well the irradiation conditions

for Be in a fusion power reactor can be simulated with available fission reactors and the future

EFMEF neutron source.

11. Methodological Approach

The essential basic step of the analysis is to provide the irradiation parameters of Be

exposed to a typical irradiation environment of a fusion power reactor. As reference, the

fusion power reactor (FPR) model of the EU Power Plant Conceptual Study (PPCS 31

employing the HCPB breeder blanket was considered. A suitable 3D torus sector model has

been developed as part of the PPCS study 4] to enable proper neutronics calculations with the

Monte Carlo code MCNP [5]. The neutron flux spectra were calculated for the Beryllium in

the central outboard blanket module and used by the FISPACT code 6] for the calculation of
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the Helium and Tritium production rates using EAF-2001 activation data 7 The dpa

accumulation was calculated on the basis of displacement cross-sections derived from

simulations of displacement cascades in Beryllium using the binary collision approximation

[8].

In the next step, the same calculations were performed for the irradiation simulation

facilities: the High Flux Reactor at Petten (HFR) with a thermal neutron spectrum, the fast

reactor BOR-60 and the FMIF neutron source. In the case of the fission reactors, neutron

spectra were provided by G. Shimansky 9 and J. van der Laan 1101 for representative

irradiation positions in the BOR-60 and HFR reactors, espectively. In the case of IFMIF, the

neutron spectra were calculated for the Titium Release Module (TRM) of the Medium Flux

Test Module (MFTM) using the McDeLicious Monte Carlo code [11] with the latest D

global model of EFMEF 12]. Titium and Helium production rates for the IFMIF irradiation

simulation were calculated with the ALARA inventory code 13] using EAF-2001 high

energy activation data 14].

IL Neutron Spectra and Beryllium Cross-Section Data

The important nuclear responses affecting the behaviour of Beryllium under irradiation

are the gas production (Helium and Tritium) and the displacement damage accumulation. The

related nuclear cross sections of Beryllium are shown in Fig. 1. The high displacement cross-

section is due to the dominating elastic scattering pocess in Beryllium. Helium production is

due to the (n, cc) and the (n,2n) reaction with two resulting Helium nuclei per reaction in the

latter case. Since both reactions have thresholds above I MeV neutron energy, the Helium

production in Beryllium takes place only in the high energy range. The same is true for the

Tritium production through the 913e(n 't) 7Li reaction with a threshold of 16 MeV. However,

Tritium is also generated through the two-step reaction 9Be(n , (X) 6He _4 6Li(n,(x)t which, in

particular, gives a significant contribution for soft neutron spectra.

Fig. 2 shows the neutron spectra in the Beryllium of the HCPB blanket (PPCS reactor)

the fission reactors HFR and BOR-60 and the IFMEF medium flux test module. When

comparing the spectra and Beryllium cross-sections, it is revealed that iradiations in fission

reactors result in high displacement damage rates. It is, however, difficult to achieve

sufficiently high Helium production rates in the fission reactor irradiation due to the high

reaction threshold. Ttium cannot be generated by the 9Be(n 't) 7Li reaction in the fission

reactors but through the two-step reaction 9Be(n 'a) 6 He _4 6 Li(na)t. Because of the large
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cross-section of the latter reaction the thermal energy range, the Tritium production is high

in the well thermallsed HFR fission reactor spectrum.

111. Nuclear Irradiation Parameters of Beryllium

III.A Fusion Power Reactor (PPCS reactor with HCPB blanket)

The PPCS power reactor concept with HCPB blanket modules is based on a fusion

power of 3300 MW [1]. This results in a neutron wall loading of 224 MW/M2 at the first wall

of the central outboard blanket module which is taken as reference in this analysis to obtain

the maximum irradiation loads for the Beryllium. The first wall neutron flux density is at

1.06-10+" cm-2. s-I and decreases by about one order of magnitude to 1.53- 10+14 CM-2. s- at

the back of the blanket.

Radial profiles of the total, fast (E> 0.1 MeV) and high energy (E> I MeV) neutron

flux density in the Beryllium pebble bed are shown in Fig. 3 Profiles of the displacement

damage, the Helium and Titium production were calculated assuming irradiation times for

the Beryllium of one full power year (fpy), 20,000 and 40,000 hours. The latter is a typical

target value for a fusion power reactor corresponding to a first wall fluence of =10 Mwa M-2.

Profiles of the He/Tritium ratios are shown in Fig. 4 It is noted that the He/Tritium

production ratio (i) increases with increasing radial distance from the first wall due to the

stronger decrease of the neutron flux density above the high reaction threshold of the 9Be(nt)

7Li reaction (I 16 MeV) and (ii) decreases with increasing irradiation time due to the

increasing contribution of the two-step reaction 9Be(n CC) 6He _> 6Li(ncc)t to the Tritium

production. The He/DPA ratio (not shown) decreases from 337 at the front to 150 at the back

of the Be pebble bed. This is due to the fact that the high energy flux (E> I MeV) decreases

more rapidly than the fast neutron flux (E>O I MeV).

III. B Irradiation Simulation in HFR and BOR-6 Fission Reactors

The Be displacement damage rate in the HFR fission reactor spectrum is at the same

level as in the front zone of the HCPB FPR blanket while the Helium production rate is lower

by about a factor of 2 (see Table 1). This will result in a He/DPA ratio of 165 which

corresponds to the irradiation conditions in the back zone of the HCPB FPR blanket. The fast

neutron spectrum of the BOR-60 reactors povides even worse conditions in this regard since

the Be displacement damage ate is about four times higher than in the front zone of the

HCPI3 FPR blanket while the Helium production rate is lower (see Table 1). The resulting
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He/DPA ratio of 60 is outside the parameter range of the HCPB blanket anticipated for the

irradiation in the fusion power reactor. Fig. displays a plot of the He production vsus the

displacement damage accumulation ndicating the inherent inability of the fission eactors to

simulate in one iradiation the fusion power elevant He and DPA production in Beryllium.

As for the generation of Tritium in Beryllium, there are great differences for the

different neutron spectra. In the HR, the Tritium production is higher than in the font zone

of the HCPB FPR blanket due to the presence of a well thermalised neutron spectrum

enhancing the 6LI(n,(x)t reaction rate of the production path 9Be(n,(X) 6He _> 6Li(ncc)t. In the

BOR-60 fast reactor, a thermal neutron spectrum is missing esulting in a significantly lower

Tritium poduction rate corresponding roughly to that in the middle of the HCPB FPR

blanket. As a result, the He/H-3 gas production ratio of the BOR-60 is higher than in the

HCPB FPR blanket while that of the HFR is significantly lower, see Fig. 6.

III. C IFMIF Medium Flux Test Module

The total neutron flux density in the FTM (first row of figs filled with Be) is about

one order of magnitude lower than in the fission reactors and the PR HCPB front position

(Table 1) and corresponds to a position in the back of the blanket (Fig. 1). Nevertheless there

is a significant Tritium production (Table 1) due to the large fraction (= 8%) of high energy

neutrons above the threshold of the 9Be(n 't)7 Li reaction which is not present in the HR and

the BOR-60 spectra. With the tungsten plate placed in between the HFTM and the NIFTM,

the Tfitium and the Helium production rates decrease by the same factor 24 as the fraction

of high energy neutrons, see Table 1. Thus the use of the Tungsten spectral shifter has a

detrimental effect and should be removed for the Beryllium irradiation. The He/H-3

production ratio of 43 is rather favourable and corresponds to a Be irradiation in the HCPB

front position. The same applies for the dpa accumulation with a He/dpa ratio of 220 and

520 with and without W spectral shifter, respectively. The absolute rates, however, are smaller

by a factor of 3 - 4 than in the HCPB front position, both for the dpa accumulation and the He

and H-3 production (Table 1). This could be compensated by removing the creep-fatigue

testing machine together with the W spectra shifter plate and moving the TRM with the Be

filled figs upstream towards the HI'M.
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IV. Conclusion

A comparative analysis has been performed of the nuclear irradiation parameters of

Beryllium under iadiation in typical neutron fields of fission and fusion reactors, and the

IFMIF intense neutron source. The analysis shows that dpa and Tritium poduction rates at

fusion relevant levels can be achieved with the existing high flux fission reactors while the

achievable Helium production is too low. The resulting He/Tritium and He/dpa ratios do not

meet typical fusion iadiation conditions. The He/Tritium production ratio typically is too

high in the fast reactor BOR-60 and too low in the thermal reactor HFR Iadiation

simulations in the medium flux test module of the IFMIF neutron source facility are more

suitable to match fusion typical irradiation conditions for Beryllium. In particular, this applies

for the important He/H-3 gas production ratio while the absolute production rates are 34

times lower than for the PR. To compensate this it is suggested to remove the creep-fatigue

testing machine together with the W spectra shifter plate and move the TRM upstream

towards the HFTM.
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Fig. 1: Beryllium nuclear cross-sections for displacement damage, Helium and Tritium
production.
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Fig. 2 Neutron spectra in the Beryllium of the HCPB blanket (PPCS reactor), the HR and

BOR-60 fission reactors and the IFMIF NFTM with and without tungsten spectral shifter.
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Fig. 4 Radial profiles of the He/Tritium production ratio in the Beryllium pebble bed of the
HCPB FPR blanket.
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Fig. 5: He production versus displacement damage accumulation in Beryllium.
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Tables

Table 1: Nuclear parameters for the irradiation of Beryllium in the HCPB fusion power
reactor blanket, the HFR and the BOR-60 fission reactors.

HCPB fusion power eactor blanket
(PPCS, front position in central outboard
blanket module)
Total neutron flux [cm-2* s-I 1.06E+15

Irradiation time [FPY] 1 2.28 4.57
He poduction [appm] 5656 12912 25825
T production [appm] 85.5 247 683

DPA 16.8 38.3 76.5
HFR, C5
Total neutron flux [cm-2*S-1 1.18E+15
Irradiation time [FPY] 1 2.28 4.57
Irradiation time [CY], 77% availability. 1.3 2.96 5.93

He production [appm] 2750 6370 12801
T production [appm] 274 726 1530

DPA 16.9 38.6 77.2
BOR-60, Row 3
Total neutron flux [CM-2*S-1 2.31E+15

Irradiation time [FPY] 1 2.28 4.57
Irradiation time [CY], 55% availability 1.82 4.15 8.3

He production [appm] 4412 10073 20150
T production [appm] 19 94 346

DPA 71.2 169 339
EFMEF-NIFrM, no W spectral shifter

2* --]Total neutron flux cm- 1.66E+14
Irradiation time [FPY] 1 2.28 4.57

He production [appm] 1925 4412 8843
T production [appm] 44.5 100.8 198.8

DPA 3.70 8.45 16.9
IFMIF-MFTM, with W spectral shifter
Total neutron flux [c *s-'] 1.50E+14
Irradiation time [FPY] 1 2.28 4.57

He production [appm] 791.8 1815 3635
T production [appm] 18.3 40.9 78.3

DPA 3.58 8.18 16.4
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