
J. Shimwell, S. Lilley, L. Morgan, L. Packer, M. Kovari, S. Zheng,
and J. McMillan

CCFE-PR(15)126

Reducing beryllium content in 
solid-type breeder blankets



Enquiries about copyright and reproduction should in the first instance be addressed to the Culham 
Publications Officer, Culham Centre for Fusion Energy (CCFE), K1/0/83, Culham Science Centre, Abingdon, 
Oxfordshire, OX14 3DB, UK. The United Kingdom Atomic Energy Authority is the copyright holder.



Reducing beryllium content in solid-type 
breeder blankets

J. Shimwella, S. Lilleyb, L. Morganb, L. Packerb, M. Kovarib, S. Zhengb,
and J. McMillana

aDepartment of Physics and Astronomy, University of Sheffield, Hicks Building, Hounsfield 
Road, Sheffield, S3 7RH, UK.

bCulham Centre for Fusion Energy, Culham Science Centre , Abingdon, Oxfordshire, 
OX14 3DB, UK.

Further reproduction distribution of this paper is subject to the journal publication rules.



.



Reducing beryllium content in solid-type breeder blankets.

J. Shimwella,∗, S. Lilleyb, L. Morganb, L. Packerb, M. Kovarib, S. Zhengb, J. McMillana

aDepartment of Physics and Astronomy, University of Sheffield, Hicks Building, Hounsfield Road, Sheffield, S3 7RH, UK.
bCulham Centre for Fusion Energy, Culham Science Centre , Abingdon, Oxfordshire , OX14 3DB, UK.

Abstract

Beryllium (9Be) is a precious resource with many high value uses, the low energy threshold (n,2n) reaction makes
9Be an excellent neutron multiplier for use in fusion breeder blankets. Estimates of 9Be requirements and available
resources suggest that this could represent a major supply difficulty for solid-type blanket concepts. Reducing the
quantity of 9Be required by breeder blankets would help to alleviate the problem to some extent. In addition, it is
important that the reduction in the 9Be quantity does not reduce the blanket’s performance in key aspects such as the
tritium breeding ratio (TBR), energy multiplication and peak nuclear heating. Mixed pebble bed designs allow for the
multiplier fraction to be varied throughout the blanket.

This neutronics study used MCNP 6 to investigate linear variations of the multiplier fraction in relation to blanket
depth, in order to better utilise the important multiplying 9Be(n,2n) and breeding reactions. Blankets with a uniform
multiplier fraction showed little scope for reduction in 9Be mass. Blankets with varying multiplier fractions were able
to simultaneously use 10% less 9Be, increase the energy amplification by 1%, reduce the peak heating by 7% and
maintaining a sufficient TBR when compared to the performance achievable using a uniform composition.
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1. Introduction

The sustainability of resources required for deuterium
tritium (DT) fusion have been previously considered [1]
[2]. Reported availability of 9Be resources is particu-
larly concerning, although further successful prospect-
ing could alleviate the situation. The usage of 9Be in
fusion devices is common and is demonstrated by 9Be
being the reference material for solid-type breeder blan-
kets in ITER [3] and beryllides such as Be12Ti are con-
sidered a promising neutron multiplier for DEMOnstra-
tion power plants (DEMO) [4]. Recycling of irradi-
ated beryllium [5] is one option that could reduce the
amount of 9Be usage over a reactor’s lifetime. Another
approach that could be carried out in tandem is to reduce
the amount of 9Be specified in breeder blanket designs.
This paper aims to explore the possibility of decreasing
the amount of 9Be required in mixed bed breeder blan-
ket designs.

Mixed bed breeder blankets are being pursued by ser-
val research groups [6], [7] and [8]. They utilise an inti-
mate mixture of breeder ceramic and neutron multiplier
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pebbles. Using pure 9Be as the neutron multiplier has
been ruled out in mixed beds due to tritium retention in
the beryllium [9] and incompatible chemistry [10]. The
development of advanced beryllide neutron multipliers
such as Be12Ti has shown them to be suitable for mixed
bed blankets [11]. Studies into the chemical compatibil-
ity, tritium retention and fabrication have been carried
out. Studies have also shown that mixed pebble beds
offer higher tritium breeding ratio (TBR) than separated
bed breeder blankets [4]. Consequentially mixed peb-
ble bed breeder blankets are being considered for future
fusion reactor [6], [7] and [8].

Neutronic optimisation studies have been carried out
([8] [12]) to ascertain the optimal multiplier fraction
(see Eq. 1) in terms of maximising TBR in mixed peb-
ble beds. The traditional approach has been to find a
single optimal multiplier fraction for the entire blanket.
By varying the ratio of neutron multiplier and lithium
ceramic the TBR can optimised (see Fig. 2).

Other aspects to consider are the energy multiplica-
tion and peak heating. The heat energy produced in a
blanket can be more than the sum of the neutron en-
ergies entering the blanket, due to the release of bind-
ing energy as disturbed nuclei rearrange themselves into
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stable configurations. The ability of the blanket to mul-
tiply the incident energy will be of interest when max-
imising the electricity generated. The peak heat refers
to the maximum heat deposition per cm3 in the blanket
and is a criteria that may require minimising to prevent
material damage.

Mixed bed blankets have the potential to offer dif-
ferent multiplier fractions throughout the blanket (see
Equation 1). This might be achievable through careful
control of the pebble mixture when filling the blanket.
The objective of this work is to highlight the potential
benefits of using a varying multiplier fraction in mixed
pebble bed breeder blankets. This allows further optimi-
sation of the identified performance criteria as well as a
reduction in the quantity of beryllium usage. Studies
that aim to reduce optimise the beryllium usage within
homogeneous blanket designs have previously be car-
ried out. [13] considers replacing the solid 9Be slabs at
the back of the blanket with more efficient moderator
materials (ZrH), however at the time mixed bed blan-
kets were not considered viable and mixed bed blankets
were not the focus of the paper. There is a lack of stud-
ies that seek to reduce beryllium usage within mixed bed
breeder blankets. This study aims to optimise the beryl-
lium usage in a bed of equally sized Be12Ti and Li4SiO4
pebble by simulating linear variations in multiplier frac-
tion throughout the blanket.

2. Theory

Neutron induced reactions in beryllium and lithium
make them desirable materials to use in fusion breeder
blankets. The cross sections of 9Be(n,2n) and 6Li(n,t)
respond to different energy neutrons. The 9Be(n,2n)
reaction is a threshold reaction requiring neutrons of
at least 1.75MeV. The 6Li(n,t) reaction is increasingly
likely to occur as neutron energy decreases. A combi-
nation of both reactions are required to ensure a TBR of
at least 1.1.

The neutron spectra varies throughout the breeder
blanket mainly due to scattering and capture interac-
tions. Due to the softer spectrum and the threshold na-
ture of the 9Be(n,2n) there will be a lower proportion of
neutrons capable of 9Be(n,2n) reactions at the rear of the
blanket. The degree of spectra variation depends largely
on the material composition of the blanket material and
the first wall.

The two reactions of interest also differ in their Q
values (energy release per reaction). The 9Be(n,2n)
reaction is endothermic with a Q value of -1.57MeV
whereas the 6Li(n,t) reaction is exothermic with a Q
value of 4.78MeV. Peak heating tends to occur at the

Figure 1: 6Li
depletion throughout
the breeder blanket
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front of the breeder blankets due to the high neutron
flux. The endothermic nature of the 9Be(n,2n) could
allow the local heating to be reduced compared to the
exothermic nature of the 6Li(n,t) which would cause ad-
ditional local heating.

The variation in spectra, the difference in cross sec-
tion and the different Q values suggest that a uniform
mixture of the two materials is not optimal. Prelimi-
nary calculations suggest that the quantity of beryllium
at the front of the blanket is expected to be higher than
the optimal quantity at the rear of the blanket. As a first
approximation, a linear variation in multiplier fraction,
with respect to depth within the breeder blanket was de-
cided upon.

3. Material and methods

The MCNP model used in this study was adapted
from a tokamak DEMO model developed at KIT [14].
The geometry was modified to incorporate a breeder
blanket with a uniform blanket thickness of 68cm (see
Fig. 1). The model includes a first wall with a thin
layer of armour, homogenized breeder modules, a rear
shielding layer and a divertor with no breeding capabil-
ity. Tungsten (3mm thick) was chosen for the first wall
armour and Eurofer with helium coolant (3cm thick)
was chosen for the first wall [15].

The blanket breeder zones contain a homogenised
mixture of Eurofer, helium (as coolant and purge gas),
Be12Ti and Li4SiO4 enriched to 40% Li6. Further de-
tails of the material composition are contained in Table
1.

The breeder zone was segmented into 40 layers of
equal radial depth (1.7cm). The study aimed to vary the
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Material Component
Volume
percent

Density
(g/cm3)

Homogenized
breeder
material

Eurofer 9.705

1.816
He coolant 5.295
Li4SiO4 0 to 53.55
He purge gas 31.45
Be12Ti 0 to 53.55

Table 1: Material specifications for the homogenised breeder
blanket material.

multiplier fraction throughout the blanket and observe
the results. Multiplier fractions were chosen for the first
layer, these ranged from 0 to 1 in increments of 0.0588
The same 18 multiplier fractions were also chosen for
the rear layer. Every permutation of the first layer and
rear layer multiplier fractions was considered and this
resulted in 324 different MCNP models.

(1)
Multiplier f raction

=
Volume o f Be12Ti

Volume o f Be12Ti + Volume o f Li4S iO4

Once the material definitions of the breeder blanket
were decided upon individual MCNP 6.0 [16] simula-
tions for each of the 324 blanket permutations were car-
ried out. FENDL 3.0 nuclear data [17] was used for
particle transport. F6 Tallies were set up to ascertain the
energy deposition within the individual breeder blan-
ket and casing cells in addition the tritium reaction rate
within the breeder material. The neutron plasma source
[18] utilized in the MCNP model was represented using
primary plasma parameters.

4. Results

4.1. Performance of blanket with a uniform multiplier
fraction.

Fig. 2 shows the performance of breeder blankets
with constant multiplier fractions throughout. Select-
ing the optimal composition depends on the relative im-
portance of energy multiplication, peak heat, 9Be usage
and TBR. The parameter which is most commonly op-
timised is TBR and it is widely accepted that a TBR of
at least 1.1 is required [19]. The maximum achievable
TBR with a uniform multiplier fraction is 1.21. This
TBR optimised composition results in a 9Be mass of
495.6 tonnes, peak heating of 9.63Wcm-3 and energy
multiplication of 1.14. The uniform multiplier fraction
blanket offers no scope to improve the overall perfor-
mance while reducing the 9Be usage. Reducing the 9Be

usage results in higher peak heat, lower energy multipli-
cation and lower TBR values (see Fig. 2). To demon-
strate the possible advantages of varying the multiplier
fraction with blanket depth it is necessary to compare
the performance of both blanket types. The perfor-
mance of the TBR optimised uniform blanket has been
compared with the performance of varying multiplier
fraction blankets (see Fig. 7). The following Figures (3,
4, 5 and 6) show the performance of the variable multi-
plier fraction blankets together with configurations that
are uniform multipler fraction blankets (e.g. configura-
tions with equal front and rear multiplier fractions).

0.9

1.0

1.1

1.2

1.3

1.4

1.5

E
ne

rg
y

m
ul

tip
lic

at
io

n

8.5

9.0

9.5

10.0

10.5

Pe
ak

he
at

(W
/c
m

3
)

0

200

400

600

800

1000

1200

B
e

m
as

s
(T

on
ne

s)

0.7

0.8

0.9

1.0

1.1

1.2

1.3

TB
R

0.0 0.2 0.4 0.6 0.8 1.0
Fraction of Be12Ti in

total Be12Ti + Li4SiO4 volume

Figure 2: Key performance criteria for different multiplier
fractions in a mixed pebble bed breeder blanket utilising

uniform multiplier fractions.

4.2. Decrease quantity of beryllium
Fig. 3 shows the 9Be required for each of the vary-

ing multiplier fraction blankets simulated. As expected,
blankets with high multiplier fractions at both the front
and the rear of the blanket require the most 9Be. Layers
near the front of the breeder blanket have smaller vol-
umes than the rear layers which is revealed by Fig. 3.

4.3. Maintain sufficient tritium breeding ratio.
The TBR is dependant on the profile of the multiplier

fraction throughout the blanket. Fig. 4 shows that TBR
is very sensitive to changes in the multiplier fraction at
the front of the blanket. However the TBR is relatively
insensitive to variation in multiplier fraction at the rear
of the blanket.

4.4. Increase energy multiplication
Increasing the energy multiplication is desirable as it

increases the quantity of electricity that can be gener-
ated by the reactor. Blankets with large quantities of
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Figure 3: Total 9Be requirements for each blanket
composition simulated.

Figure 4: The simulated TBR results for different blanket
configurations.

9Be and in particular large multiplier fractions at the
front were found to produce the highest energy multi-
plication (see Fig. 5).

4.5. Reduced peak heating

The maximum neutronic and photonic energy de-
posited in any one region should be kept low to min-
imise the chance of material failure. As the 9Be(n,2n)
reaction is a threshold reaction and therefore endother-
mic, this results in lower temperatures in regions where
the reaction occurs. Therefore use of 9Be at the front
of the blanket can reduce the peak heating in the blan-
ket. Lower peaking heating could result in a reduction
of cooling requirements, this could leave more space for
breeding materials and subsequently increase the TBR.

Figure 5: Energy multiplication in the breeder blanket by
neutrons and photons.

Figure 6: Peak nuclear heating (photon and neutron) in the
variable multiplier fractions blankets.

4.6. Improved performance

Comparing the performance of blanket designs with
uniform and varying multiplier fractions shows the ad-
ditional flexibility allowed by varying the multiplier
fraction. Fig. 2 shows that reduction in the 9Be mass for
uniform multiplier fraction blankets results in detrimen-
tal performance as energy multiplication reduces and
peak nuclear heating increases. Blanket designs using
a varying multiplier fraction can offer reductions in 9Be
mass without these disadvantages. Moving away from
the optimal TBR configuration to improve energy mul-
tiplication and peak heating naturally involves some re-
duction of TBR for both blanket designs. Fig. 4 re-
veals that variable multiplier fraction blankets are ca-
pable of reducing the rear multiplier fraction with only
minimal reduction in TBR. Fig. 7 identifies blanket con-
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figurations (yellow region) that offer higher energy mul-
tiplication, lower peak heat, less 9Be usage and mini-
mal reduction to TBR when compared to the uniform
multiplier fraction blanket optimised for TBR. The Fig-
ure also shows one particular blanket configuration that
could be considered more optimal. This blanket con-
figuration simultaneously uses 10% less 9Be, increas-
ing the energy multiplication by 1%, reducing the peak
heating by 7% and maintaining a sufficiently high TBR
(1.2) when compared to the performance achievable us-
ing a single uniform composition. This reduction in 9Be
usage and subsequent improvement in energy multipli-
cation and reduction of peak heating are not accessable
with a uniform multiplier fraction blanket.

Figure 7: The diagram shows the region of blanket
configurations that offer higher energy multiplication, lower

peak heat, less 9Be usage than the uniform multiplier fraction
blanket (optimised for TBR).

5. Conclusion

Linear variations in multiplier fraction are one way
to better utilise the differences in cross section and Q
values of 9Be and 6Li. A reduction of 10% in the 9Be
mass of blankets was achieved when using varying mul-
tiplier fractions. The blanket’s performance in key areas
such as peak heating and energy multiplication were
improved whilst achieving a reduction in the quantity
of 9Be, this was not possible with a uniform multiplier
fraction blanket. Although this is likely to be subop-
timal it improves upon current mixed ceramic blanket
designs using a uniform multiplier fraction. Nonlin-
ear variations in multiplier fraction in the poloidal and
toroidal directions should be considered and could po-
tentially further improve the blanket’s performance.
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