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Abstract

The neutron induced transmutations, gas production, activation, atomic displacements and afterheat have been

calculated for several potential low- and high-Z ®rst wall materials in a DT fusion reactor. The neutron spectra taken

are those calculated for the ®rst wall of the shielding blanket proposed for the International Thermonuclear Experi-

mental Reactor (ITER). For low Z materials the production of hydrogen and helium isotopes dominate, while for high

Z materials activation and afterheat dominate. For a total ¯ux of 14.1 MeV neutrons corresponding to a wall load of 1

MW a mÿ2, the tritium production in a 1 cm thick low Z material layer of the ®rst wall is of the order of 1016 ± 1019

cmÿ2, while the calculated He concentrations are of the order of �10ÿ3 per wall atom or 1020 cmÿ2. These gases may

modify the thermophysical properties of the wall material. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

In fusion experiments, the materials at the vessel

walls facing the hot plasma are modi®ed by several

processes [1]. These are implantation of hydrogen iso-

topes and He atoms [2±5], erosion by sputtering and

electrical arcs [6±12], redeposition of the eroded material

predominantly at more remote deposition dominated

areas [1] and, ®nally, the deposition of the energy re-

leased from the plasma, partly in very short times, such

as during ELMS and disruptions [13,14]. The atoms

eroded by the plasma from the wall material partly enter

the plasma as impurities [15]. For the plasma facing

areas of the vessel walls of fusion experiments and future

fusion reactors, materials have to be selected so that the

in¯uence of these e�ects on the plasma performance and

the degradation of the blanket ®rst wall materials are

minimised.

In a DT fusion reactor the ®rst wall materials are

additionally degraded by neutron bombardment, i.e.

the 14.1 MeV neutrons and the lower energy neutron

¯ux induced during slowing down of the 14.1 MeV

neutrons in the blanket. Neutron induced reactions

with the atoms of some ®rst wall materials have been

calculated with partly di�erent results [16±19]. For a

detailed comparison of di�erent potential plasma facing

materials the transmutations, gas production, activation

and after heat have been calculated in this work, using

the new neutron cross section compilation for ITER

[20,21].

2. Neutron sources and ¯uxes in a fusion reactor

In the DT fusion reactions (D + T )> n(14.1

MeV) + 4He (3.5 MeV)), 80% of the energy is released in

14.1 MeV neutrons which leave the plasma and enter the

vessel walls. The remaining 20% is given to the 3.5 MeV
4He-particles, which have to be con®ned for some time

to deposit their energy in the plasma for maintaining the

plasma temperature and heating the new fuel. At steady

state, the 4He has to leave the plasma at the same rate as

it is produced [22,23].

For a DT fusion reactor, it is envisioned that the

power of the 14.1 MeV neutron current to the blanket

®rst wall will be about 1 MW mÿ2 corresponding to

4.43 ´ 1017 n mÿ2 sÿ1. In the following discussions all

results of wall material modi®cations by the neutron
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bombardment refer to one full power year (FPY) of

reactor operation, i.e. an integral 14.1 MeV neutron

current of 1 MW a mÿ2, or about 1.4 ´ 1025 n mÿ2. The

high energy neutrons will slow down and deposit their

energy in the blanket and shield surrounding the plasma

[17±19,24]. During slowing down, the neutrons are

randomly scattered, absorbed, or produce secondary

neutrons in nuclear reactions. By these processes addi-

tional lower energy neutrons are created in a blanket

and the plasma facing materials. The intensity and en-

ergy distribution of these lower energy neutrons depends

especially on the distribution of low Z elements in the

structure of the blanket.

The neutron ¯uxes have been calculated for several

fusion reactor designs with di�erent blankets by com-

puter codes simulating the transport of neutrons and

photons in the blanket. The total neutron ¯uxes are

typically a factor of 10 higher than the primary neutron

current from the plasma. The ®rst wall spectra are

similar for di�erent fusion reactor designs.

The neutron spectrum for ITER was calculated

using two dimensional discrete ordinate methods

[21,29]. The ITER ®rst wall is comprised of a 1-cm-

thick Be layer bonded to a 2 cm thick water-cooled Cu

heat sink that is ®xed to a 2-cm-thick stainless steel

layer which is mounted to the water-cooled shielding

blanket. The combined thickness of the shielding

blanket and vacuum vessel is about 1 m. The neutron

spectrum calculated in the plasma facing ®rst wall is

shown in Fig. 1. This neutron ¯ux energy distribution

is used for calculating the modi®cations of di�erent 1

cm thick plasma facing materials. For plasma facing

materials containing elements with a large neutron

cross section at some energy, the neutron spectrum

used here becomes depleted at this energy. This is not

included in these calculations.

3. First wall materials

For the plasma facing areas, materials with a low

atomic number Z are strongly favoured. Low Z atoms

cause much lower radiation losses in the plasma than

high Z atoms and higher concentrations can be tolerated

in a burning plasma [15]. The materials widely used in

today's plasma experiments are Be, ®ne grain graphite,

carbon ®bre enforced carbon, and doped graphites

mostly with carbides, such as B4C, TiC, SiC. These ma-

terials are also favoured for ITER [25±27,30]. However,

some materials with atoms of a high atomic number Z,

such as Mo, W, Re have a much lower erosion rate and a

higher threshold energy for sputtering than the low Z

materials [7±9]. If the plasma temperature close to the

plasma facing materials can be su�ciently decreased,

these materials are also of interest [25,30±32]. Therefore,

the neutron induced modi®cations of both low Z mate-

rials as well as of some high Z materials are calculated in

this work. Finally some elements, which have been found

as major impurities at levels in the few percent range in

the surface layers of today's fusion experiments, such as

O, N, Cl [10,33] are also included.

4. Neutron induced processes

The major neutron induced processes causing a

modi®cation of the plasma facing material are:

1. Transmutations of the atoms of the materials by nu-

clear reactions leading to loss of the elements, includ-

Fig. 1. Neutron spectrum calculated at the ITER ®rst wall.
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ing hydrogen and helium gas production and activa-

tion of the material.

2. Atomic displacements, leading to lattice disorders,

i.e. creation of Frenkel defects which may anneal at

elevated temperature or form larger defect clusters.

The damage sites may further be traps for the gases

produced.

All these processes generally enhance the degradation of

the thermo-physical and mechanical properties of the

plasma facing wall materials.

5. Cross sections and neutron group ¯uxes

The cross sections for the di�erent neutron induced

processes depend largely on the neutron energy. They

have been collected at di�erent places and the data have

been re-evaluated for the ITER predictions [20,21]. For

the neutron transport calculations [29] and for the

neutron induced activation calculations [34] for the

materials studied here the neutron spectrum (Fig. 1) and

cross sections were represented in 175 energy intervals or

groups DEm�E2m ) E1m, with E1m and E2m being the lower

and upper energy limits of the groups with intensity

/(Em)DEm, (Fig. 2(a)).The group structure (Fig. 2(a)) is

mainly determined by the energy dependence of the

cross sections, i.e., the energy intervals where the cross

sections are about constant.

The neutron cross sections, r(Em), in the energy in-

tervals DEm for the major reactions with 6Li, 7Li, 9Be,
10B, 12C and 13C, in which 3H and 4He are produced, are

shown in Fig. 2(b). The reaction rates for each energy

group, i.e. the products of the neutron ¯ux with the

macroscopic cross sections for these reactions are shown

in Fig. 2(c), while in Fig. 3 the reaction rates for di�er-

ent larger energy intervals, i.e. the low energies E6 0.1

< MeV, two medium energy ranges 0.1 < MeV6E6 2

MeV, and 2 MeV6E6 12 MeV and the highest energies

12 MeV6E6 14.5 MeV are shown. For the 6Li

(n,T)4He and the 10B(n,a)7Li reactions, the cross sec-

tions increase with decreasing neutron energy (see

Fig. 2(a)) and this shows up in the major contributions

of low energy neutrons to transmutations and gas

production. For Be and C the major contribu-

tions to transmutations come from high energy neu-

trons, i.e. E > 2 MeV.

The total reaction probabilities for di�erent wall at-

oms can ®nally be obtained by adding the reaction

probabilities for all energy groups. In the following, the

total reaction probabilities have, however, been calcu-

lated directly for one FPY of operation with the FIS-

PACT code [34] for 1-cm-thick layers of each material

for the neutron ¯ux obtained for the plasma facing

material of ITER (Fig. 1 and Fig. 2(a)). In these calcu-

lations, the continuous modi®cation of the composition

of the material and the decay of transmuted wall atoms

is included. The transmutation probabilities, gas pro-

duction, displacement damage, after heat, and radioac-

tivity per ®rst wall atom after one FPY, immediately

after shut down, are shown in Figs. 4±7.

6. Results

6.1. Transmutations and gas production

For the majority of elements considered here, the

transmutation probabilities (Fig. 4) are in the 10ÿ3

range, except for 6Li, 10B, N, Cl, the medium Z elements

V, Ni, and Cu, and the high Z elements Ga, Mo, Ta, W,

and Re. For the low Z elements of high interest, i.e. 9Be,

C, and B(nat.) the transmutation probabilities after one

FPY of operation are 10ÿ3, 7 ´ 10ÿ4, and 0.12, respec-

Fig. 2. (a) Neutron ¯uxes integrated over energy groups; (b)

Cross sections for the neutron reactions for several low Z ele-

ments [20,21]; (c) Neutron reactions for the di�erent energy

groups, i.e. the product of the group neutron ¯uxes and the

cross sections.
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tively. For B, the major contribution originates from 10B

where more than one half is lost after one FPY, while for
11B only about 10ÿ4 is transmuted. 3He has a very large

probability of 0.7, for transmutation to tritium and

hydrogen.

For the low Z elements, hydrogen and helium gas

production dominates. 9Be is mostly transmuted to two
4He atoms in 9Be(n,2n)8Be ® 2 4He reactions, while the

probability for tritium production in 9Be(n,3H)7Li re-

action is 5 ´ 10ÿ4/FPY. The second reaction product,
7Li, is ®nally also transmuted to tritium and 4He. The
12C is transmuted to 4He and 9Be, while 13C is trans-

muted to tritium and 11B. This means that in natural C

some 3H is also produced with a probability of about

1.5 ´ 10ÿ7/FPY. The largest tritium production occurs

for 6Li (Li nat.) and 10B (B nat.) where the probabilities

for on FPY are 0.2 (1.8 ´ 10ÿ2) and 5 ´ 10ÿ4

(1.4 ´ 10ÿ4), respectively. Tritium production for the

high Z materials is in the 10ÿ7 FPY region. Protium

production is in 10ÿ5 ± 10ÿ3 range for the elements re-

garded here, while 4He production decreases from above

10ÿ1 to about 10ÿ5 in going from low Z to high Z ele-

ments, and 3He production is mostly more than 2 orders

of magnitude below 4He production (Fig. 4).

The relatively large amount of helium and hydrogen

will mostly be trapped in the materials, preferentially at

damage sites, leading to a decrease of the thermophysi-

cal properties of the materials, including the thermal

conductivity [28].

6.2. Damage and Afterheat

The primary recoils produced by the neutron impact

on the materials initiate atomic collision cascades in

the solid which cause displacement damage in the

crystallites. The damage is generally measured by

displacements per atom (DPA), de®ned as the average

Fig. 4. (a) Fraction of transmuted atoms for di�erent ®rst wall

materials after one FPY of reactor operation; (b) produced

hydrogen isotopes per atom and (c) produced helium isotopes

per atom.

Fig. 3. Reaction probabilities for 6Li, 7Li, 9Be, 10B, 12C, and 13C with the neutrons of four energy ranges after one FPY.
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number of displacements of every atom in a material.

This number, as obtained from the calculations with the

DANTSYS code [29], is plotted in Fig. 5(a). For most

materials the DPA is about 9 per FPY, while it is about

3 ± 4.5 for Be and C. At these DPA levels, degradation

of thermal and mechanical properties becomes notice-

able. Due to the simultaneous gas production the dam-

age sites will be stabilised by accumulating gas, likely gas

bubbles [28]. The gas may also stimulate the growth of

larger voids in a material.

The radioactive decay of transmuted atoms deposits

power in the wall materials. This power was also cal-

culated for the time immediately after reactor shut down

(Fig. 5(b)). Generally the power is very low and will not

present a cooling problem, except for some high Z ele-

ments, where values of up to several 10 W/cm3 FPY are

obtained. In the calculations, possible dips in the neu-

tron spectrum have been neglected.

6.3. Radioactivity

A serious problem for maintenance and disposal is

the radioactivity induced in the ®rst wall materials by

neutrons. The numbers calculated for di�erent pure

potential ®rst wall materials for the time immediately

after shut down are summarised in Fig. 6. Depending on

the half lives of the radioactive nuclei, the activity will

decrease with time. For the low Z elements a major

contribution is found to originate from the produced

tritium which is assumed to be accumulated (at damage

sites) in the materials. Tritium under goes û-decay, with

a half life of 12.3 years. For reducing the radioactivity of

Fig. 5. (a) Displacement damage (dpa) and; (b) afterheat (per atom) for several potential ®rst wall materials after one FPY of reactor

operation.
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the low Z materials, means have to be developed to re-

move the tritium. Such means are already discussed in

relation to remove the tritium ``codeposited'' on the

plasma exposed wall areas. For the medium and high Z

elements the major contribution to radioactivity are a-

and c- radiation. The lowest induced radioactivity is

found for carbon, while the induced radioactivity is

largest for the high Z elements Ta, W and Re.

Finally the reaction products for pure Si, Ti and W

calculated for one FPY of operation are shown in Fig. 7.

For Si the elements O and F are produced in the 10ÿ12 per

atom range, while Ne, Mg, Al, Si, P, and S are produced

in the 10ÿ4 ± 10ÿ9 per atom range. For Ti the elements Ar

and K are produced in the 10ÿ11 ± 10ÿ10per atom range,

and Ca, Sc, V and Cr in the 10ÿ5 per atom range. For W

isotopes of Hf, Ta, Re, Os are produced in the 10ÿ6 to

10ÿ4, and Ir in the 10ÿ9 per atom range.

7. Summary and conclusions

The results of the systematic calculations using

neutron transport and activation codes, with the most

recent, revised data for the neutron cross sections

con®rmed the dominance of hydrogen and helium gas

production for the lower Z materials, while for higher

Z atoms transmutations to radioactive nuclei are

dominant. In a 1 cm thick Be ®rst wall the tritium

production will be about 3.5 ´ 1018 3H cmÿ3, while for

C about 1017 3H cmÿ3 and for B4C about 2 ´ 1019 3H

cmÿ3 will be produced for one FPY of reactor opera-

tion. Transmutations in the plasma facing materials are

in the 10ÿ3 to 10% range and gas production is in the

10ÿ5 range for hydrogen, in the 10ÿ7 range for tritium,

and in the 10ÿ4 ± 10ÿ5 range for 4He. The lowest

transmutations in the 10ÿ4 range are found for C and

Ti.

The radioactivity induced by the neutron bombard-

ment in pure lower Z elements after one full power op-

eration year is mostly due to the tritium, while for higher

Z elements the a- and c-radiation of the transmuted

atoms dominate. The very low induced radioactivity, i.e.

below 10ÿ14 Bq per carbon atom is again con®rmed,

while the high Z elements exhibit the highest induced

radioactivity of up to 10ÿ8 Bq per atom.

The decay heat is in the 0.1 W/cm3 range for the low

Z elements and should not cause problems. For Ga, Ta,

W and Re it will be in the several 10 W/m3 range after

shut down and active cooling of the reactor may be

necessary.

These neutronic investigations of several potential

®rst wall materials show advantages for low Z materials,

such as Be, 11B and C with respect to transmutations

afterheat and induced radioactivity, compared to the

high Z materials Ta, W, and Re. Among the medium Z

Fig. 6. Radioactivity (total activity by a,b, and c decay, and due to tritium) of potential ®rst wall materials after one FPY of operation.
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materials Ti shows reasonable performance, especially

with respect to transmutations.
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