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Abstract

The induced radioactivity of a few structural materials by D–T fusion neutrons and fission neutrons in a hybrid

blanket have been calculated based on the fusion driven systems as the reference reactors. The neutron transport and

activation calculations are done by the Monte Carlo transport code MCNP/4B and the activation inventory code

FISPACT with the latest released IAEA Fusion Evaluated Nuclear Data Library (FENDL-2) and the ENDF/B-V

uranium evaluated data. The effects of material types, impurities and energy spectra on the activation characteristics of

materials are analyzed.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Along with the ongoing efforts to utilize fusion as an

energy source, there is renewed interest in fusion neutron

source applications for purpose such as resource utili-

zation and long-lived radioactive waste transmutation

with fusion–fission hybrid systems [1–4]. New material

technologies are needed to meet development of inno-

vative fuel cycle and hybrid reactor technologies [5–11].

The neutron-induced activity in fusion reactor com-

ponents can be effectively controlled by the proper se-

lection of structural materials, such as those for the first

wall and blanket materials, and is greatly influenced by

the concentration of their composing elements. Research

on low activation materials, such as vanadium alloys

and ferritic steels, is being done throughout the world to

ensure the attractiveness of fusion nuclear power re-

garding safety and environmental aspects [12–17].

The effects of neutron irradiation on structural ma-

terials in a nuclear facility mainly include two aspects:

damage effects (degradation of various properties due to

atomic displacement and transmutation etc.) on the

materials and the impact of induced radioactivity on the

environment. The induced radioactivity of the structural

materials (including 316L stainless steel, ferritic steel and

vanadium alloy) irradiated by D–T fusion neutrons and

hybrid reactor neutrons has been studied in this paper

based on the referenced neutron energy spectra in the

blanket of the fusion driven systems (FDS) [1] i.e. the

He gas-cooled Li2O tritium breeding blanket (TBB) [18]

and the liquid LiPb–He gas dual-cooled fuel breeding

blanket (FBB) [19]. They have the same plasma core

and inboard blanket, the difference between them is the

outboard blanket as the names show. The following

four aspects affecting the activation properties of struc-

tural materials in a fusion device or a hybrid reactor are

considered: (1) neutron irradiation conditions (spectrum,

strength, and irradiation time etc.); (2) types of irradi-

ated materials; (3) impurities in the structural materials;

(4) the effects of fission neutrons in the blanket on the

activation characteristics of the structural materials in

comparison with those with only fusion neutrons.

Two kinds of low activation materials, including

vanadium alloy and ferritic steel, and their impurity ef-

fects on the activation characteristics of them when used

as the blanket structural materials with D–T fusion

neutron spectrum and hybrid neutron spectrum are in-

vestigated. For the purpose of comparison, the analysis

of non-low activation stainless steel 316L is also in-

cluded. It is assumed that they are irradiated as the first
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wall and structural materials in the FDS-RT designs by

0.5 and 10 MW/m2 neutron wall loadings under a typical

neutron fluence of 15 MWyear/m2.

2. Codes, data libraries and calculation model

The neutron spectra were calculated with the Monte

Carlo transport code MCNP/4B [20] and the latest data

library FENDL/2.0 except uranium isotopes data from

ENDF/B-V for TBB and FBB models. These spectra are

inputs to the inventory code FISPACT-99 [21] using the

FENDL/A-2.0 data library to calculate the activities of

the structural materials based on the typical fusion and

hybrid blanket arrangement. We assume the above three

kinds of materials as the structural materials, respec-

tively, and analyze the activation characteristics of them

in the fusion and hybrid spectra.

The basic geometrical and material arrangements of

the TBB and FBB models are the same except that three

fuel material zones are included in the FBB model. The

details of the TBB and FBB models can be seen in Ref.

[18,19]. The activation characteristics for the three kinds

of materials in the structural walls (SWs), assumed to be

the third wall for the TBB model or the fifth wall for the

FBB model, are calculated and analyzed.

3. Results and analysis

The activation properties and the factors affecting

them have been studied for the assumed structural ma-

terials i.e. vanadium alloy VH1 (NIFS-HEAT-1 ingot),

ferritic steel FS and stainless steel 316L. The composi-

tions of these materials are from Ref. [22–24], respec-

tively.

3.1. Neutron energy spectra

Neutron spectra of the SWs for the two models are

shown in Fig. 1. It is clear that the spectra for the three

kinds of structural materials have similar shapes at the

SW and there are peaks at low and high neutron energies

for both of the models. However, the fluxes for the FBB

models have much higher values than those for the TBB

models at low neutron energy, this is because of lower

energy fission neutrons in the FBB. The fluxes in the SW

with VH1 as the structural material are the highest

compared with other two SWs with the same model.

3.2. Effects of irradiation conditions

To investigate the effects of neutron irradiation

conditions, e.g. spectrum, strength and irradiation time

on the activation characteristics of the materials, we

analyze the activation characteristics of the SWs.

The activation levels for the TBB model under 15

MWyear/m2 are shown in Fig. 2. The dose rate of 316L

is the highest among the three kinds of structural ma-

terials, dose of VH1 is the lowest when time after irra-

diation is less than 100 years, after that time the dose of

FS is the lowest. Moreover, changing the neutron wall

loading from 0.5 to 10 MW/m2, but keeping the neutron

irradiation fluence on the first wall, the doses of irradi-

ated material have almost the same value when the time

after irradiation is longer than 100 years. That is because

the dominant nuclides within 100 years of time have

short or medium half-lives and decay almost completely

during this period of time. That means the long-term

dose closely depends on the neutron fluence. The short-

term dose depends on neutron source intensity i.e.

neutron wall loading Pw [25].
For the TBB model, dose rates of 316L, FS and VH1

after one year�s cooling are 2:98� 103, 1:20� 103 and

Fig. 1. Spectra of the SWs from the TBB and FBB models.
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18.1 Sv/h for Pw ¼ 0:5 MW/m2, and 2:56� 104, 1:42�
104 and 3:24� 102 Sv/h for Pw ¼ 10 MW/m2. The dose

rates for 316L, FS and VH1 are less than the remote-

recycled dose rate level 0.01 mSv/h after 63, 40 or 32

years, cooling for Pw ¼ 0:5 MW/m2 and 73, 48 or 46

years cooling for Pw ¼ 10 MW/m2 based on the cur-

rently fabricated impurity level.

For the FBB model, the trend of the dose rate of the

SW material varying with time after irradiation are al-

most the same as those for the TBB model for each of

the SW materials. Fig. 3 gives the dose rates of the two

models when Pw ¼ 0:5 MW/m2. The dose rate of 316L,

FS or VH1 is less than the level for remote recycling

after 66, 56 or 42 years� cooling.
As shown in Figs. 2 and 3, it is clear that the contact

dose rates vs. time after irradiation have a similar trend

for both of the models for 316L, FS and VH1, respec-

tively, although there are some differences between dose

rates of the two models. Compared with the TBB model,

the total dose rate for the FBB model is two times higher

for VH1, four times higher during 25–50 years� cooling
time and almost the same after 100 years� cooling for FS.
This is due to the different spectra from pure fusion

neutrons of the TBB model and fusion hybrid neutrons

of the FBB model. The dose rate of 316L, FS or VH1 is

less than the remote-recycling limit for less than 100

years� cooling for Pw ¼ 0:5 MW/m2 for both blankets.

3.3. Effects of material impurities

The effect of impurities on its total activity is rela-

tively not important because of the large amount of high

activation compositions in the 316L stainless steel,

therefore only the effects of impurities on the total ac-

tivity level of VH1 and FS are included in the analysis.

3.3.1. Vanadium alloy VH1

The contact dose rates as a function of time after

irradiation for VH1 are given in Figs. 4 and 5. It is

noted that the isotope Co60 dominates the total dose

Fig. 2. Doses of the SWs from the TBB model at Pw ¼ 5 and 10 MW/m2.

Fig. 3. Doses of the SWs after irradiation for 30 years at Pw ¼ 0:5 MW/m2.
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rate of the alloys at a cooling time of up to about 100

years, this comes from the reactions Co59(n,c)Co60
and Co59(n,c)Co60m(IT)Co60. After that time, the

isotope Nb94 dominates the total dose rate, pro-

duced via the reactions Nb93(n,c)Nb94m(IT)Nb94 and
Nb93(n,c)Nb94. The dose level contributed by Nb94 is
lower than the remotely recycling limit. The isotope

Ag108m has an important contribution to the long-term

dose rate as well, this is produced via the reactions

Ag107(n,c)Ag108m and Ag109(n,2n)Ag108m. It is clear

that the contact dose rates vs. time after irradiation have

the similar trend for both the models.

More details including the required impurity control

levels for remotely and hands-on recycling and the

comparison of various vanadium alloy HEATs can be

seen in Ref. [22].

3.3.2. Ferritic steel FS

The contact dose rates vs. time after irradiation for

FS are shown in Figs. 6 and 7. It is noted that the iso-

tope Co60 dominates the total dose rate at a cooling

time of up to about 100 years and Fe55 gives some

contribution to the dose rate during this period of time

as well. These nuclides are produced via the reac-

tions Fe58(n,c)Fe59(b�)Co59(n,c)Co60, Fe56(n,2n)Fe55
and Fe54(n,c)Fe55, respectively. After that time,

Nb94 dominates the total dose rate, it is mainly produced

via the reactions Mo94(n,p)Nb94, Mo95(n,d)Nb94,

Nb93(n,c)Nb94m(IT)Nb94 and Nb93(n,c)Nb94, respec-
tively. There is a slight increase in the dose rate of

Nb93m in the period of 103 years because of the reac-

tion Mo93(bþ)Nb93m. The dose rate of Nb94 is less

than the remotely recycling limit.

Fig. 4. Contribution of impurities to the dose rate of VH1 from the TBB model.

Fig. 5. Contribution of impurities to the dose rate of VH1 from the FBB model.
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4. Conclusion

The activation characteristics of the three kinds of

structural materials, i.e. 316L, ferritic steel and V-alloy,

for the FDS-RT TBB model and FBB model are in-

vestigated and compared. The effect of factors such as

the spectra, neutron fluence and strength, fusion and

fission neutrons in the blanket on the activation char-

acteristics of the structural materials are considered.

(1) The spectrum at the SW is very similar for each of

the structural materials for the TBB or FBB model,

and there are peaks at both low and high neutron

energies. Higher fluxes for the FBB model are due

to lower energy fission neutrons in the blanket.

VH1 as the structural material has the highest flux

compared with the other two SWs with the same

model.

(2) Long-term dose closely depends on the neutron flu-

ence. Short-term dose depends on the neutron

source intensity, i.e. neutron wall loading Pw.
(3) The total dose rate for the FBB model is few times

higher than that of the TBB model due to different

spectra induced by hybrid neutrons in the FBB

model.

(4) For vanadium alloy VH1, Co60 which originates

from Co59 dominates the total dose rate at a cooling

time of up to about 100 years. After that time, Nb94

which originates from Nb93 dominates the total

dose rate. The dose rate level of Nb94 is lower than

the remotely recycling limit. Ag108m has an impor-

tant contribution to the long-term dose rate as well.

Fig. 6. Contribution of compositions to the dose rate of FS from the TBB model.

Fig. 7. Contribution of compositions to the dose rate of FS from the FBB model.
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(5) For ferritic steel FS, Co60 which originates from

Fe58 dominates the total dose rate at a cooling time

of up to about 100 years and Fe55 gives some con-

tribution to the dose rate during this period of time

as well. After that time, Nb94 which originates from

Mo94, Mo95 and Nb93 dominates the total dose

rate. The dose rate of Nb94 is less than the re-

mote-recycling limit. There is a slight increase in

the dose rate of Nb93m in the period of 103 years be-

cause of the reaction Mo93(bþ)Nb93m.
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