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Abstract

Except for *H and “C, no radioactive nuclide is produced by neutron-induced reactions with lithium in lithium-
containing materials such as Li,O and Li,CO;. However, when the lithium-containing materials are irradiated by
14 MeV neutrons, radioactive "Be is produced by sequential charged particle reactions (SCPR). In this study, we
measured effective "Be production cross-sections in several lithium-containing samples at 14 MeV: the cross-sections are
in the order of pb. Estimation of the effective cross-sections is attempted, and the estimated values agreed well with the
experimental data. It was shown that the "Be activity in a unit volume of lithium-containing materials in D-T fusion
reactors can exceed total activity of the same unit volume of the SiC structural material in a certain cooling time.
Consequently, a careful consideration of the "Be production by SCPR is required to assess radioactive inventories in
lithium-containing D-T fusion blanket materials. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

No radioactive nuclide except for tritium is produced
from stable lithium isotopes, i.e., lithium-6 and lithium-
7, by 14 MeV neutron-induced nuclear reactions. When
we irradiate lithium-containing materials by 14 MeV
neutrons, however, we will observe 478 keV y-rays from
beryllium-7 which has a half-life of 53 days. The beryl-
lium-7 is produced via sequential charged particle reac-
tions (SCPR); energetic protons, deuterons and tritons
(charged particle, CP) are first produced by 14 MeV
neutron interactions with nuclei in the materials, and the
CPs then induce the beryllium-7 production reactions
such as "Li(p,n)’Be and °Li(d,n)"Be. Radioactive nuc-
lides produced by SCPR may be an additional source of
the inventory of radioactive nuclides in materials irra-
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diated in a fusion neutron environment. Most of the
inventory calculation codes deal with only neutron-
induced reactions but not SCPR. In some cases, radio-
active nuclides produced by the SCPR contribute
significantly to the total inventory of radioactive nuc-
lides. The beryllium-7 production by SCPR in lithium-
containing materials is one such example.

The FISPACT code [1] can treat SCPR with an
algorithm [2] developed by Cierjacks et al. The beryl-
lium-7 production, however, seems very difficult to
predict with FISPACT. By neutron interactions, CPs
are produced by the break-up reactions of lithium
nuclei which require very detailed knowledge of each
break-up reaction path while the FISPACT code
adopts a completely different model to calculate energy
spectra of CPs, i.e., the statistical evaporation model.
Therefore, experimental study of SCPR is required es-
pecially for lithium-containing materials. The experi-
mental SCPR cross-sections are very limited: those for
vanadium, iron and copper reported by Ikeda et al. [3]
are the only available experimental data for 14 MeV
neutrons.
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In this work, we measured the effective beryllium-7
production cross-sections at 14 MeV in some lithium-
containing samples. Calculational estimation of the
cross-sections was attempted, and the estimated values
were compared with the experimental data. Finally, the
impact of the produced beryllium-7 activity on a fusion
reactor was investigated.

2. Experiment

Chemical compounds treated in this study are sum-
marized in Table 1. They were lithium oxide, lithium
carbonate and lithium hydroxide with three different
lithium enrichments: lithium-6 enriched, lithium-7 en-
riched and natural abundance. Pellet samples of 12 mm
in diameter and about 2 mm in thickness were produced
from powder samples for all the chemical compounds.
Masses of all the pellets ranged between 0.35 and 0.46 g.

As shown in Fig. 1, three pellets were stacked. The
center was the main pellet for which "Be activity was to
be measured after D-T neutron irradiation. The two
pellets were attached to both sides of the central pellet to
simulate the central pellet residing in an infinite medium
in terms of ranges of CPs. Note that ranges of CPs
produced in the pellets were at most 1.0 mm; that is less
than the pellet thickness of about 2 mm. The pellet stack
was wrapped in an aluminum foil. Niobium foils of
5 x 5 x 0.5 mm?, which were used as neutron fluence
monitors, were attached on both sides of the stack.

Table 1
Samples and measured effective "Be production cross-section

Sample Enrichment Effective "Be
(%) production
cross-section (ub)
°Li,CO; °Li: 95.4 161
"Li,COs "Li: 99.95 131
i, CO; "Li: 92.5 151
°LiOH °Li: 95.4 35+3
"LiOH-H,0 "Li: 99.95 681 +40
"t iOH-H,O "Li: 92.5 593+36
°Li,O °Li: 95.4 49+3
7Li20'(H20)0A09() 7Li: 99.95 67t4
"1, 0-(H,0)0.106 "Li: 92.5 554
7] Pellet
// (12¢px2mm)
Niobium %
Fluence /
Monitor”l / Aluminum
Foil // Wrapping
_/4 Foil

Fig. 1. Pellet sample stack for irradiation.

The fusion neutronics source (FNS) facility [4] in the
Japan Atomic Energy Research Institute was used for
neutron irradiation. The sample stacks were placed at 45
mm from the neutron source, and irradiated by
14.6 MeV neutrons for 150 h. Typical neutron fluence in
the irradiation was 4 x 10" n/cm?. After 1-2 month(s),
the 478 keV y-rays from beryllium-7 produced in the
central pellets were measured by a high-purity germani-
um (HP-Ge) detector. The 935 keV y-rays emitted from
the niobium monitor foils were also measured, and total
14 MeV neutron fluence for each pellet was determined
by using the **Nb(n,2n)’>"Nb reaction rates. The effec-
tive beryllium-7 production cross-sections were deduced
from the measured peak counts and necessary data such
as the decay constant of "Be (0.01301 1/day), the y-ray
intensity per decay (10.39%), detection efficiency of HP-
Ge detector for the 478 keV y-ray (2.29%), sample
masses, etc.

Major experimental error sources were statistical er-
rors of the peak counts for the 478 keV y-ray (1-3%), the
detection efficiency of HP-Ge detector (3%) and uncer-
tainty associated with the neutron fluence for the central
pellets (5%). Overall experimental errors ranged between
5% and 7%. Table 1 summarizes the measured results.

3. Estimation of the effective cross-section
3.1. Formulation of SCPR

The effective "Be production cross-section was esti-
mated as follows: when we consider a CP production
reaction for a target nuclide A at a certain energy
(14 MeV for example), A(n,CP), the energy distribution
of the CPs produced in a unit volume Scp(Ecp) (CPs/
cm?/MeV) is calculated as

Scp(Ecp) = ¢,NaocpP(Ecp), (1

where ¢, (1/cm?) is the neutron flux, N (1/cm?) is the
atomic density of A, ocp (cm?) is the CP production
cross-section of A and P(Ecp) (1/MeV) is a normalized
CP spectrum. The CPs form a CP flux ¢cp(E) (1/cm?/
MeV) in the material when CPs slowed down:

bep(E) = {dE/dx(E)} " / " Sep(Ece) dEcr, 2)

where dE/dx(E) (MeV/cm) is stopping power of the
material.

We think of a CP-induced "Be production reaction
KLi(CP, x)’Be where “Li denotes °Li or "Li. The "Be
production reaction rate induced with ¥Li Rg._7 (1/cm?)
is

Emax
Rpe7 = NLi—k/ 0ge-7(E)¢pcp(E) dE, (3)
0
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where Nii_; (1/cm?) is the atomic density of ¥Li and
ope_7(E) (cm?) the "Be production cross-section. The
effective "Be production cross-section oy (cm?) is de-
fined as

Ot = Rpe—7/(P,NLi), 4)

where Np; (1/cm?) is the total atomic density for both °Li
and 7Li. By assembling Eqgs. (1)~(4), we will finally ob-
tain the following formula:

e = (WMo oo/l [ o+ ()0 0E))
x /E " () dECP} dE. (5)

Eq. (5) denotes a partial cross-section, i.e., for the target
nuclide A, for the CP and for "Be production from Li.
The total effective "Be production cross-section can be
obtained by summing up all the partial cross-sections.

3.2. Estimation of effective ’ Be production cross-section in
the samples

Effective "Be production cross-sections for the lithi-
um-containing samples were estimated according to
Eq. (5). Table 2 summarizes reactions considered in the
estimation. The data for ocp and P(Ecp) for 'H and °O
were taken from JENDL-3.2 [5]. The ocp and P(Ecp)
data for °Li and 7Li were very difficult to calculate be-
cause CPs were produced by break-up reactions. Hence,
the ocpP(Ecp) data were obtained from Shibata [6] who
evaluated nuclear data for °Li and ’Li with detailed
consideration of the break-up reactions. Fig. 2 shows the
ocpP(Ecp) data, i.e., energy differential CP production
cross-section for °Li and 7Li. The data for op. 7(E)

Table 2
Reactions considered to estimate the effective "Be production
cross-section

CP production reactions Cross-section at 14

MeV [mb]
*Li(n,x)p 85
*Li(n,x)d 104
SLi(n,x)t 28
"Li(n,x)p 5
"Li(n,x)d 10
"Li(n,x)t 314
'"H(n,n)p 692
10(n,p)!*N 44
160(n,d)>N 15
" Be production cross-section
Li(d,n)"Be
®Li(¢,2n)"Be
"Li(p,n)"Be
"Li(d,2n)"Be

—_—
FEn =14 MeV

;100 e L6 > E
2 [/ K LTt Li6 o d
s | l o
5 Li-6 --> t E
3 /.
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(3 - -E
i 1 Li-7 -->d
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5 10 15 20

Hydrogen Energy [MeV]

Fig. 2. Energy differential CP production cross-sections for °Li
and ’Li for incident neutron energy of 14 MeV [6].
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Fig. 3. Beryllium-7 production cross-sections for °Li and 7Li
[7-11].

shown in Fig. 3 were taken from literature: the
°Li(d,n)’Be reaction was from Refs. [7,8], the
°Li(t,2n)’Be and "Li(d,2n)"Be reactions were from Ref.
[8] and the "Li(p,n)’Be reaction was from Refs. [9-11].
The data in Ref. [12] were used for stopping power.

4. Discussion
4.1. Effective ” Be production cross-section

The experimental cross-sections are shown in Table 1,
and Table 3 summarizes the calculated cross-sections
along with ratios of calculated to experimental values
(C/E). All the C/E values range between 0.62 and 0.99.
Although the calculated cross-sections are smaller than
the experimental data, the agreement between them is
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Fig. 4. Total activity of several fusion relevant materials irra-
diated by 14 MeV neutrons as a function of cooling time.

fairly good. The good agreement indicates that effective
cross-sections for SCPR for lithium-containing samples
can be estimated adequately by following the presently
adopted procedure.

In Table 3, partial cross-sections which are useful for
pathway analyses of the "Be production reaction are also
given. For °Li enriched samples, the °Li(n,d) + °Li(d,n)
reaction is dominant in producing "Be. For "Li enriched
samples, following a certain proton production reaction,
the "Li(p,n)’Be reaction is dominant. When a ’Li en-
riched sample contains hydrogen, such as the
"LiOH - H,O sample, many protons are produced by the
elastic scattering reaction of 'H, and this enhances sig-
nificantly the 7Li(p,n)’Be reaction. When a Li enriched
sample does not contain hydrogen but does have oxy-
gen, such as "Li,CO; and 7Li,O samples, the '°O(n,p)
reaction is the most important reaction to produce
protons. When a ’Li enriched sample does not contain
hydrogen or oxygen, such as the "Li metal, the "Be
production is suppressed significantly: the total cross-
section is only 0.6 pb.

4.2. Impact on fusion reactor design

When a wall load of 14 MeV neutrons of 1 MW/m?
and saturation of the "Be activity are assumed, "Be ac-
tivity in lithium-6 enriched Li,O near first walls will
reach about 2 x 10% Bg/cm?. Fig. 4 compares the total
activities of the °Li,O and some low-activation struc-
tural materials irradiated in the same condition as a

function of cooling time. When low activation ferritic
steel or vanadium-alloy (V-5Ti-5Cr) are used, the "Be
activity in a unit volume of the °Li,O is much smaller
than that of the two structural materials. However,
when SiC is used as a structural material, the "Be activity
in a unit volume of the °Li,O exceeds that of SiC in the
cooling time period from 3 to 700 days.

"Be produced by SCPR is the only y-ray emitting
nuclide in lithium-containing samples treated in this
study. Moreover, the "Be activity in lithium-containing
materials can exceed the total activity in SiC structural
material in a certain cooling time interval. Conse-
quently, careful consideration on the "Be production by
SCPR is required to assess radioactive inventories in
lithium-containing D-T fusion blanket materials.
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