
Journal of Nuclear Materials 386–388 (2009) 949–953
Contents lists available at ScienceDirect

Journal of Nuclear Materials

journal homepage: www.elsevier .com/locate / jnucmat
Fission–fusion neutron source

Jinnan Yu a,*, Gang Yu b

a China Institute of Atomic Energy, P.O. Box 275-51, Beijing 102413, PR China
b Ecole Polytechnique Fédérale de Lausanne (EPFL), Centre de Recherches en Physique des Plasmas, Association Euratom-Confédération Suisse, 5232 Villigen PSI, Switzerland

a r t i c l e i n f o a b s t r a c t
0022-3115/$ - see front matter � 2008 Elsevier B.V. A
doi:10.1016/j.jnucmat.2008.12.250

* Corresponding author.
E-mail address: yujn@ciae.ac.cn (J. Yu).
In order to meet the requirements of fusion power reactors and nuclear waste treatment, a concept of
fission–fusion neutron source is proposed, which consists of a LiD assembly located in the heavy water
region of the China Advanced Research Reactor. This assembly of LiD fuel rods will be irradiated with
slow neutrons and will produce fusion neutrons in the central hole via the reaction 6Li(n,a). More pre-
cisely, tritium ions with a high energy of 2.739 MeV will be produced in LiD by the impinging slow neu-
trons. The tritium ions will in turn bombard the deuterium ions present in the LiD assembly, which will
induce fusion reaction and then the production of 14 MeV neutrons. The fusion reaction rate will increase
with the accumulation of tritium in LiD by the reaction between tritium and deuteron recoils produced
by the 14 MeV neutrons. When the concentration of tritium reaches 0.5 � 1022 and the fraction of fusion
reactions between tritium and deuteron recoils approaches 1, the 14 MeV neutron flux is doubled and
redoubled, an so forth, approaching saturation in which the tritium produced at a time t is exhausted
by the fusion reactions to keep constant the tritium concentration in LiD.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

A key issue in the development of fusion power reactors with a
high thermal efficiency is the availability of adequate high-temper-
ature materials. In fusion power reactors, the materials will be ex-
posed to plasma particles and electromagnetic radiation and will
suffer from irradiation by an intense flux of 14 MeV neutrons,
which will engender a strong degradation of the material proper-
ties. There is a fundamental need to build an intense high energy
neutron source to serve as a tool for (1) calibrating and validating
the data generated using fission reactors and particle accelerators,
and (2) qualifying materials up to about full lifetime of anticipated
use in a DEMO-type reactor. The primary mission of the Interna-
tional Fusion Material Irradiation Facility (IFMIF) is to generate a
materials database to be used for the design and construction of
various components, and for the licensing and the assessment of
the safe operation of a DEMO-type reactor.

IFMIF will be a deuteron accelerator-based high energy neutron
source, and the specimens to be irradiated will be located just be-
hind the lithium target. Due to engineering and economic consid-
erations the volume of the high flux test module in IFMIF will be
only half a liter in the high flux position (20–50 dpa/fpy). This vol-
ume should be sufficient to achieve within five years for a few
materials a 80 dpa database needed for DEMO-predesign and for
a variety of materials a 150 dpa database within about 20 years
ll rights reserved.
[1]. The cost is 2620.9 MICF (including construction, 20 years oper-
ation, and decommissioning) [2].

A fusion neutron source can also be obtained by slow neutrons
irradiating a LiD assembly. Assuming an assembly of LiD fuel rods
(/ 10 mm) with a center hole (/ 50 mm), located in the heavy
water region of the CARR (China Advanced Research Reactor), a
density of LiD equal to 90% of the theoretical density, with 90%
enrichment of 6Li and 10.5% tritium pre-implantation, the flux of
14 MeV in the / 50 mm centre hole will reach 4.3 � 1013 n/cm2 s.

According to the principle of the fission–fusion neutron source,
the high flux reactor will be composed of two regions: a high flux
fission region in the center and a LiD fusion region surrounding the
central fission region. The fission–fusion reactor will have the
advantage to use nuclear fuel and to burn-up actinide elements
in the central fission region to decrease the quantity of highly
radioactive waste. Therefore, the research on the fission–fusion
neutron source in the heavy water region of the CARR is of strong
interest for potential application of nuclear energy.
2. Principle of the fission–fusion source

2.1. Fusion reaction rate inside LiD in the presence of a fission neutron
field

When LiD is located in a fission neutron field, the nuclear reac-
tion 6Li(n,a) occurs as

6Liþ n! 3Tþ 4Heþ 4:794MeV ð1Þ
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When the neutron energy is less than 0.625 eV, the cross section
rf of 6Li(n,a) reaches 9.5 � 102 barns and the reaction heat Q
reaches 4.794 MeV [3]. According to the conservation of energy
and momentum, the energy of the a particles and the tritium ions
are 2.055 and 2.739 MeV, respectively. The tritium ions with a high
energy between 0.1 and 2.739 MeV bombard the deuterons, pro-
ducing D–T fusion reactions:

Dþ T! 4Heþ nð14MeVÞ þ 3:43MeV ð2Þ

Such fusion reactions produce 14 MeV neutrons and a particles
with an energy of 3.43 MeV, the cross section of fusion reactions
reaching 4.95 barns. The tritium ions with an energy of
2.739 MeV and a particles with an energy of 2.055 or 3.43 MeV
can ionize LiD, so creating adequate conditions for fusion reactions.
At the same time, these particles, especially the 14 MeV neutrons,
can produce a recoil flux of deuterons in LiD, these energetic deu-
terons bombarding in turn the residual tritium to produce fusion
reactions. The process is illustrated in Fig. 1. When a slow neutron
interacts with 6Li in LiD to induce the nuclear reaction 6Li(n,a), pro-
ducing a tritium ion (T) and an a particle (He), the tritium ion then
interacts with a deuteron on its path in LiD to produce a fusion
reaction. The fusion neutron collides with a deuteron in LiD to pro-
duce a recoil flux of deuterons (D) with energies in the range of
0.01–12.444 MeV. These deuterium ions interact in turn with
residual tritium to produce fusion reactions and therefore fusion
neutrons and a particles. These fusion neutrons produce further re-
coil fluxes and therefore more fusion neutrons, like in an in-chain
reaction.

Therefore, the fusion reaction rate may be expressed as the
following:

_Ffu ¼ _FlTrfuND þ NT

Z
/ðErÞrfuðErÞdEr; ð3Þ

where _F is the reaction rate of 6Li(n,a), lT is the range of tritium ions
with an energy of 2.739 MeV; rfu is the cross section of fusion reac-
tions, ND and NT are the deuteron and triton number in LiD, respec-
tively, /ðErÞdEr is the recoil flux of deuterons with an energy in the
Fig. 1. Process of production of fusion neutrons by slow neutrons in LiD. Each cross
point refers to a collision point and a given nuclear reaction. The first cross point
refers to the 6Li(n,a) reaction that produces a tritium ion (T) and an a particle (He).
The second cross point refers to the fusion reaction between the tritium ion and a
deuteron (D) in LiD. The blue lines represent fusion neutrons that bombard
deuterons in LiD to produce a D recoil flux. D recoils interact with the deposited
tritium to produce fusion neutrons and a particles. These fusion neutrons further
produce more recoils that produce more fusion neutrons.
range [Er, dEr]. The fusion cross section between deuterium ions of
energy Er and tritium ions, rfuðErÞ; is given by [4]:

rfuðErÞ ¼
6� 104

Er
exp½�47:40=

ffiffiffiffiffi
Er

p
�; ð4Þ

rfu and Er being expressed in barns and in keV, respectively. When
Er is above 100 keV, rfu is equal to 4.95 barns. According to formula
(4), the average value of rfu is larger than 5 barns in the range of
0.1–10 MeV. Considering the deuteron recoil flux produced by the
fusion neutrons, the second term of formula (3) is proportional to
the fusion neutron production rate _Ffu; and we define,

v ¼
R KEmax

n
Er

/ðErÞrfuðErÞdEr

_Ffu

ð5Þ

The fusion reaction rate from the formula (3) can be then writ-
ten as,

_Ffu ¼
_FlTrfuND

1� vNT
ð30Þ

When mNT = 0.5, one obtains _Ffu ¼ 2 _FlTrfuND. When mNT approaches
1�lTrfuND, _Ffu reaches the saturation value _F; i.e., the fusion reac-
tion rate is equal to the tritium production rate at a time t and
the tritium concentration remains constant.

2.2. Tritium concentration in LiD

The change rate of tritium concentration is equal to the tritium
production rate minus the consumption rate. The nuclear reaction
rate of 6Li(n,a), _F, is given by:

_F ¼ /rf
6N0 expð�rf /tÞ � /rf

6N0ð1� /rf tÞ

¼ _F0ð1� /rf tÞ; when /rf th0:2 ð6Þ

where 6N and 6N0 are the concentration at a time t and the initial
concentration of 6Li in LiD, respectively, while /, rf and t are the
neutron flux in the neutron field, the cross section of the 6Li(n,a)
reaction, and the irradiation time, respectively. _F0 is the initial nu-
clear reaction rate of 6Li(n,a). Therefore, the change rate of tritium
concentration in LiD can be written as:

dNT

dt
¼ _F � ð _FlTrfuND þ NT

Z
/ðErÞrfuðErÞdErÞ ð7Þ

As
R

/ðErÞrfuðErÞdEr is proportional to _Ffu; m is independent of t. The
Eq. (7) can be then written as:

dNT

dt
þ v _FfuNT ¼ _F0ð1� lTrfuNDÞ � _F0ð1� lTrfuNDÞ/rf t ð8Þ

The solution of the above equation is given by:

NT ¼ e�v
R

_Ffudt ½
Z
½ _F 00 � _F 00/rf t�ev

R
_Ffudtdt þ C�;

where

_F 00 ¼ _F0ð1� lTrfuNDÞ

As lTrfuND � 1:913 � 10�3 � 1, one gets _F 00 � _F0: At the begin-
ning of the irradiation, the fusion reaction rate is equal to:

_Ffu � _Ffu1 ¼ _F0lTrfuNDð1� /rf tÞ

We define

_Ffu0 ¼ _F0lTrfuND ¼ /rf
6N0lTrfuND

Therefore, the tritium concentration at a time t is given by:

NT ¼ e�ðv
_Ffu0t�1

2
_Ffu0v/rf t2Þ½

Z
½ _F 00 � _F 00/rf t�ev _Ffu0t�1

2
_Ffu0v/rf t2

dt þ C�
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Considering the initial conditions (NT = 0 at t = 0), the integral
constant can be determined. Therefore, the tritium concentration
NT in LiD is found to be equal to:

NT ¼
1

vlTrfuND
½1� e�v _Ffu0ðt�1

2/rf t2Þ� ð9Þ

When v _Ffu0t is small, the tritium concentration may be expressed
as:

NT ¼ _F0t � 1
2

_F0/rf t2 ð90Þ
3. Fusion reaction probability of tritium and deuteron

Tritium ion with the energy 2.739 MeV in 6Li(n,a) reaction not
only interacts with deuteron nucleus inducing fusion reaction,
but also interacts with electrons to dissipate the energy. The colli-
sion cross section between tritium and electron could simply be
estimated by the coulomb scattering cross section rC [4]

rc � ðe2=mev2
i Þ

2

in which vi is the initial velocity of tritium ion. The energy loss of
tritium per collision is approximate to DE ¼ me

MT
Ei, Ei is the initial en-

ergy of tritium ion; me and MT are the mass of electron and tritium
respectively. Therefore, the emitted tritium in 6Li(n,a) reaction
interacts with electron to produce energy loss rate as

dE
dt
¼ nerCvi

me

MT
Ei ¼ ne

e2

mev2
i

� �2 me

MT

" #
viEi

¼ ne
e2

2Ei

� �2 MT

me

" #
viEi ð10Þ

in which ne is the electron density, the quantity in square brackets is
corresponding to the effective cross section of dissipating whole ini-
tial energy of tritium nucleus and described as re. When
Ei = 2.739 MeV,

re �
14:4� 10�8

2� 2:739� 106

 !2
3� 1:6726� 10�24

9:109� 10�28

2
4

3
5

¼ 3:8064� 10�24ðcm2Þ

The cross section of fusion reaction between the tritium nucleus
with energy larger than 0.1 MeV and deuteron nucleus is
4.95 � 10�24 (cm2) which is larger than re. It means that the fusion
reaction play a main role in the whole process.

About the fusion reaction of deuteron recoil flux to tritium
nucleus, because of the wide energy range of D recoil flux, the
highest energy reaches to 12.444 MeV and re is 1.8441 �
10�25 cm2 which is much less than the cross section of fusion reac-
tion. When the energy of deuteron nucleus is 0.1 MeV, re reaches
to 1.9035 � 10�21 (cm2) and the ratio of D–T fusion reaction cross
section to re is 2.6004 � 10�23. Because the deuteron recoil flux in
LiD not only interact with tritium nucleus to induce fusion reac-
tion, but also dissipates the energy by the collision with electron,
therefore the fusion reaction is only a fraction of all reaction which
can be described as

pfu ¼
rfu

kre þ rfu
ð11Þ

in which k is a factor for the effect of ionization degree in LiD. If the
electrons in LiD are in ionization state, although the deuteron nu-
cleus participates to collision with electrons, the energy loss of deu-
teron ion is light to weaken the action of re and k becomes smaller.
Considering ionization energy loss of deuteron, the fusion reaction
rate induced by deuteron recoil flux is

NT

Z K0Emax
ff

Er

/ðErÞrfuðErÞpfudEr

in which the flux of deuteron recoils is [5]

/ðErÞ ¼
_Ffursln

ErrD�DðErÞ
K0Emax

n

Er
� Er

K0Emax
n

� Er

K0Emax
n

ln
K0Emax

n

Er

� �
	 pD

rs is the neutron scattering cross section and ln is the range of
fusion neutron, rsln = 0.13982 � 102/ ND

LiD [5]. K0 is the factor of
mass number to be equal to K0 ¼ 4MnM2

ðMnþM2Þ2
and M2 is the mass of lat-

tice atom. Emax
n is the maximum energy of fusion neutron. rD�D is

the cross section of D–D collision. If the energy of deuteron is high-
er than the neutralized energy Eneut, the D–D collision belongs to
Rutherford scattering. Assuming Eneut = 1keV and the energy
of recoil Er P 100keV, the cross section of D-D collision is
rD�DðErÞ ¼ pe4

Er Eneut
. pD is the probability of neutron–deuteron collision

in LiD. If Er is larger than100 keV (Er P 100 keV), rfu(Er) ap-
proaches to 4.95 barns. In simple, we use the average value of fu-
sion reaction cross section in energy range 0.1–12 MeV instead of
the value of formula (4). Therefore the fusion reaction rate induced
by D recoil flux can be presented as

NT

Z K0Emax
ff

Er

/ðErÞrfuðErÞpfudEr

¼ NT
_FfurfuðErÞ

0:1392� 102

ND
LiD

Eneut

pe4 pD

�
Z K0Emax

n

Er

rfu

k e4

4E2
r

MD
me
þ rfu

K0Emax
n

Er
� Er

K0Emax
n

� Er

K0Emax
n

ln
K0Emax

n

Er

� �
dEr

ð12Þ

v ¼ rfuðErÞ
0:1392� 102

ND
LiD

Eneut

pe4 pD

Z K0Emax
n

Er

rfu

k e4

4E2
r

MD
me
þ rfu

K0Emax
n

Er
� Er

K0Emax
n

� Er

K0Emax
n

ln
K0Emax

n

Er

� �
dEr

The integral can be presented asZ K0Emax
n

Er

rfu

k e4

4E2
r

MD
me
þ rfu

K0Emax
n

Er
� Er

K0Emax
n

� Er

K0Emax
n

ln
K0Emax

n

Er

� �
dEr

¼
Z K0Emax

n

Er

a

bþ aE2
r

ErK
0Emax

n � E3
r

K0Emax
n

� E3
r

K0Emax
n

ln
K0Emax

n

Er

" #
dEr

in which a = 4rfu, b = ke4MD/me. The result of integral is

1
2

K0Emax
n ln

ke4 MD
me
þ 4rfuðK0Emax

n Þ2

ke4 MD
me
þ 4rfur2

r

�K0Emax
n

1
2
� ð Er

K0Emax
n

Þ2 �
ke4 MD

me

4rfuðK0Emax
n Þ2

ln
ke4 MD

me
þ 4rfuðK0Emax

n Þ2

ke4 MD
me
þ 4rfur2

r

" #

�K0Emax
n

4
ln

4rfuðK0Emax
n Þ2

ke4 MD
me

x2 þ 4rfuðK0Emax
n Þ2

 !

in which x = 1
2 1þ K0Emax

n
Er

� �
; if k = 1, Emax

n = 14 MeV, and Er = 0.1

MeV, the factor m = 1.75878 � 10�22 which is independent to 6Li
enrichment and the neutron flux in reactor. If the pellet density
of LiD is 90% theoretical density with 90% enrichment of 6Li and
k = 1 in the heavy water region of CARR without the neutron flux
depression, the concentration of tritium and fusion neutron pro-
duction rate with the irradiation time from formula (9) and Eq.
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Fig. 2. Tritium concentration and fusion production rate versus irradiation times (a) k = 1; (b) k = 0.1, � tritium concentration (1020 T/cm3), j fusion neutron production rate
(1014 n/cm3� sec).
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(30) are shown in Fig. 2a. When irradiation time t = 40.629 h, the
tritium concentration NT = 0.5117 � 1022cm�3 and _Ffu ¼ _Ffu1; if
irradiation time reaches 45.459 h, (corresponding to 12.3%
burn-up), the tritium concentration NT approaches 0.5686 �
1022cm�3 and the fusion reaction rate approaches to saturation,
i.e. _Ffu ) _Ff ¼ /rf

6N: In the same condition, if k = 0.1, the factor m
becomes 3.0099 � 10�22, at irradiation time 26.111 h (correspond-
ing 7.14% burn-up), the tritium concentration NT approaches
0.3322 � 1022cm�3 and fusion reaction rate reaches saturation. It
means that, if there is enough tritium in LiD, the fusion reaction
rate will reach saturation and the fusion neutron flux is able to
meet the requirement for irradiation, such as 5 � 1013 n/cm2 s.

4. Fusion neutron flux in the central hole of the LiD assembly

As mentioned under Section 2.1, as LiD is a strong absorber for
thermal neutrons, we designed an assembly with a central hole as
irradiation space, as illustrated in Fig. 3.

The hexagonal assembly consists of 198 LiD fuel rods with a
diameter of 10 mm (containing hollow LiD pellets) and a central
Fig. 3. Assembly of 198 LiD fuel rods with a diameter of 10 mm (containing hollow
LiD pellets) and a central hole of 50 mm in diameter. The outside and inner
diameters of the hollow LiD pellets are 9 and 5 mm, respectively.
hole of 50 mm. The outside and inner diameters of the hollow
LiD pellets are 9 mm and 5 mm, respectively. The tritium can be
implanted into LiD by filling tritium gas into fuel rods to meet
the requirement of enhancing the fusion reaction rate. In order to
calculate the fusion neutron flux in the central hole, it is necessary
to account for the shielding effects. The shielding coefficient of the
assembly, c, can be calculated using the following equation [6]:

c ¼ ½1þ RaðR2
2 � R2

1Þ=ð2DMÞ��1 ð13Þ

where Ra is the average absorbed cross section of thermal neutrons
in the assembly and can be calculated using the uniform method. R1

and R2 are the outside and inner radius of the assembly, respec-
tively. DM is the diffusion coefficient of thermal neutrons in heavy
water and equal to 0.85 cm. The average thermal neutron flux in
the assembly is c< /0>, where </0 > is the thermal neutron flux
in heavy water in the absence of the assembly.

For the calculation of the fusion neutron flux, the assembly is
divided into two regions: the LiD region as outside region, referred
to as 1, and the central hole region as inner region, referred to as 2.
According to the equilibrium relation for the fusion neutron colli-
sion rate, the fusion neutron flux in the central hole, U2, is given
by [6]:

U2 ¼
V1P12

V2Rs2

_Ffu ð14Þ

where V1 and V2 are the total volume of the LiD region and the cen-
tral hole region, respectively, Rs2 is the scattering macro-cross sec-
tion of the central hole region, P12 is the probability of a fusion
neutron produced in the LiD region to undergo a first collision in
the central hole region. Thus, P12 = P1sPs2, where P1s is the probabil-
ity of a fusion neutron emitted from the LiD region to reach the
boundary surface between the LiD region and the central region
and PS2 is the probability of a neutron entering the region 2 to un-
dergo a primary collision. Accounting for the scattering cross sec-
tion of both regions, P12 can be calculated using the formula of
integral transportation theory, and one gets P12 = 0.0806 [6]. On
the basis of these data the fusion neutron flux in the central hole
can be then calculated on the basis of the fusion reaction rate _Ffu:

Fusion neutron ‘feedback effects’, in which fusion neutrons are slo-
wed down to thermal neutrons in the reactor and absorbed by 6Li of
LiD to produce fusion neutrons, have also to be accounted for. This
can do done in adding the term - lTrfuND

~b into the denominator of
the right hand of Eq. (30), where ~b is the probability of a fusion neu-
tron to slow down to a thermal neutron and to stay in the assembly
region, which is equal to ~b ¼ 0:47 [6].
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Assuming that the density of the LiD pellets is 90% theoretical
density, that they are enriched with 90% of 6Li, and that 10.5% tri-
tium is added into the LiD fuel rods (the fusion reaction rate reach-
ing saturation), the fusion neutron flux in the central hole,
accounting for the shielding effects and feedback effects, reaches
4.2624 � 1013 fusion neutrons/cm2 s.

The initial ionization rate _Fe=Ne in the heavy water region of the
CARR may be written as:

_Fe=Ne ¼
/rf ðep þ lTrfuND

LiDeHeÞNLi
LiD

ðZLi þ ZDÞeiNLiD
ð15Þ

where rf is the cross section of the 6Li(n,a) reaction, ep is the sum of
T ion and a particle energies produced by the 6Li(n,a) reaction, eHe is
the energy of the a particles produced by the fusion reactions, ei is
the ionization energy of electrons in LiD, NLiD is the number of LiD
per unit volume, NLi

LiD is the number of 6Li per unit volume of LiD,
and ZLi and ZD are the number of Li and D atoms, respectively.
Assuming that ei is equal to 2 eV, the ionization rate reaches
0.142 sec�1.

5. Summary

A LiD assembly has been proposed to produce fusion neutrons
from thermal neutrons in the heavy water region of the CARR reac-
tor. The reaction 6Li(n,a) produces tritium ions with an energy of
2.739 MeV in LiD bombarded by thermal neutrons, and the ener-
getic tritium ions then bombard the deuterons of LiD to produce
14 MeV neutrons via fusion reactions. The 14 MeV neutrons engen-
der a recoils flux of deuterons in LiD, these energetic deuterons
bombarding in turn the residual tritium, producing fusion reac-
tions. These fusion neutrons produce a further recoils flux that
engenders more fusion neutrons, according to an in-chain reaction.
When the concentration of tritium reaches 0.5 � 1022 and the frac-
tion of fusion reactions between tritium and deuteron recoils ap-
proaches 1, the 14 MeV neutron flux is doubled and redoubled,
an so forth, approaching saturation in which the tritium produced
at a time t is exhausted by the fusion reactions to keep constant the
tritium concentration in LiD.

A hexagonal assembly with a center hole as irradiation space
has been designed on the basis of LiD as strong absorber for ther-
mal neutrons and accounting for the shielding effects and feedback
effects. The assembly consists of 198 LiD fuel rods with a diameter
of 10 mm (containing hollow LiD pellets) and a central hole of
50 mm. The outside and inner diameters of the hollow LiD pellets
are 9 mm and 5 mm, respectively. Assuming that the density of the
LiD pellets is 90% the theoretical density, that they are enriched
with 90% of 6Li, and that 10.5% tritium is added into the LiD fuel
rods (the fusion reaction rate reaching saturation), the fusion neu-
tron flux in the central hole of the assembly in the CARR heavy
water region reaches 4.2624 � 1013 fusion neutrons/cm2 s.
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