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The integral-differential equation of neutron balance for the
beryllium burn up in breeder blankets of a fusion reactor is written and
solved analytically to estimate the beryllium depletion in blankets
having the beryllium as neutron multiplier. The beryllium depletion in
the first and the second beryllium layers behind the first wall of a
Japanese layered pebble bed blanket proposed for the ITER breeding
blanket is estimated to be about 9% and 6.5% after the 3 MW-a/m?
fluence of 14-MeV neutrons on the first wall, respectively. The
corresponding decrease of local tritium breeding ratio at the toroidal
midplane was calculated to be barely less than 0.3%. The beryllium
depletion in the breeder blanket of a DEMO fusion reactor is expected
to be by 3 to 7 times larger than that for the TTER design, subject to
the blanket design, the neutron fluence, etc. This beryllium depletion
may decrease the tritium breeding ratio well below 1%, the margin

above which the subject is to be addressed seriously.
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1. Introduction.

Beryllium is one among best neutron multipliers for the breeding
blanket of a fusion reactor due to both the large cross-section of
(n,2na) reaction and the exceptionally large nuclear density.
Therefore, the 1.78 secondary neutrons will appear per one source
neutron in an infinite beryllium layer irradiated by 14-MeV neutron
source [1]. This is only by aboﬁt 3% less than that for the lead and far
higher than those for the iron, the zirconium, the copper, the
niobium, the nickel, the vanadium and many other could-be neutron
multipliers of a fusion reactor [1].

However, neutron interactions in blankets and shields of a fusion
reactor have many negative side effects, such as the lithium burn up in
breeder blankets [2], the tritium generation in boronized shields [2].
the gas generation in lithium oxide (3], the helium generation in
beryllium [4] etc. In addition to these effects, the beryllium burn up in
breeder blankets of a fusion reactor maj become a serious factor is to
be accounted for even for an experimental fusion reactor like ITER [5]
whose fluence of 14-MeV neutrons on the first wall, hereinafter
operation fluence, is expected to be 1-3 MW-a/m2.

Beryllium depletion due to its burn up in a breeder blanket
would be less important for the blanket having a 15-30 cm thick
beryllium layer behind the first wall or the homogeneous blanket
having the beryllium fraction of 40-50% or more than that for the
blanket having a thin beryllium layer, say 1-3 cm thickness. It is due to
the high probability of (n,2naj reaction in a thick beryllium layer even

after a large beryllium depletion, such as 10-30%.
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However, by imposing thermal-hydraulic, economic and
structural-mechanic constraints, the number and thickness of
beryllium layers can be substantially restricted and do not necessary
follow the optimized configuration determined by neutronics
requirement.

For instance, the first (behind the first wall) beryllium layer of
the Japanese design of the layered pebble bed breeder blanket
proposed for ITER CDA was'designed to be only 9 mm thick [5] and.
after further modification of this design the thickness of the first
beryllium layer was decreased to 5 mm [6], a very small thickness
indeed. The thickness of the second beryllium layer of this modified
design is also very small, namely 6 mm. The beryllium depletion in the
thin layers of such a blanket may be important regarding the possible
decrease of tritium breeding ratio due to the decrease of a total
neutron flux in the lithium layers.

The simplified method to estimrate beryllium burmn up in breeder
blankets of a fusion reactor is proposed in this study based on the
same treatment, as that for the lithium burn up in Ref. 2. Major
nuclear reactions in beryllium are surveyed for this purpose in the
Section 2 of this study. The integral differential equation of neutron
balance of beryllium burn-up is written and solved analytically with
minor simplification assumptions in the Section 3. Obtained simplified
formula is used in the Section 4 to estimate the beryllium depletion in

the modified Japanese layered pebble bed breeder blanket having the

beryllium multiplier [6].
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2. Main nuclear reactions in beryllium.

The main nuclear reactions of beryllium depletion in breeder

blankets of a fusion reactor gleaned from Ref. 7 can be written as

follows:
9Be4 + Ing ——> 2lng + 24Heq (2.1)
9Bey + Ing ——> 21ng + 8Beq ——7-1—01?—-8—) 24Heo (2.2)
9Bes + lng —— 4Heg + SHea p~_0.808 % 6Li3 (2.3)
9Be4 + Ing —> 7Li3 +3T —B-—1~2—E—y~> 3Heq (2.4)

Cross-sections of above-listed reactions taken from Ref. 7 are
shown in Fig. 2.1. As shown in Fig. 2.1, the reactions {2.1) and (2.3)
are the dominant processes of beryllium depletion for the neutron
energy ranged from 14.1 MeV (energy of neutron source) to about 2.3
MeV and from about 2.3 MeV to about 1 MeV, respectively.

We note that, as discussed above, the beryllium is depleted
mainly by fast neutron interactions. Therefore, the largest beryllium
depletion is expected at the first beryllium layer behind the first wall
and this depletion is to be decreased sharply with the distance from
the first wall. This is primary due to the sharp decrease of fast neutron
flux with the distance from the first wall, as discussed in many studies

indeed, e.g. (8,9].
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Fig. 2.1 Cross-sections of nuclear reactions in beryilium.
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3, Analytical consideration.

Let ogep be the sum of the cross-sections of the nuclear reactions
(2.1)-(2.4). If ®(r,E,t) is the neutron flux spectrum at a position r and
time t which includes the neutron energy information, the equation

for the beryllium density could be written as follows:
dp(r,t)/dt = - p(r,t}fcdep(r.E)-t‘D(r,E,t) dE (3.1}

The equation for average density of beryllium in the zone of
volume V can be obtained by integrating the expression (3.1) by the

zone volume as follows:

dplt)/dt = - p(t)- J(t) (3.2)
14.1 MeV

, where J(t) =/dE-ﬁV- Odep(r.E)-@(r.E,t) {3.3)
IMeV V

The neutron flux spectrum &(r,E.t} in Egs. (3.1)-(3.3) is actually
the fast neutron spectrum due to the integration from 1 MeV to 14.1
MeV (0deplr.E)=0 for E<1 MeV, see Fig. 2.1). This fast neutron flux
spectrum depends primary on the ratio of heavy, such as steel, lead,
etc., and light, such as water, components in the blanket/shield
compositions [8], if the neutroh source. flux at the first wall does not
change wiih time, i.e. the power of a fusion reactor does not change

with time. Thus, we assume that above-mentioned functional o(r E,t)
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does not depend on time, i.e. on the beryllium depletion. If so, the Eq.

{3.2) can be easily solved analytically.
Let pp be the density of beryllium at the moment {=0. The

solution can be written as follows:

p(t) = po- expl(-J-t), (3.4)
14.1 MeV
where J = de-/dV- Odep(r.E}- ®(r,E) (3.5)
IMeV V

We note that the Eg. (3.4) is exact and do not rely on any
numerical approximation. Therefore, once we have numerically
integrated the functional (3.5) at the zone of an interest, we can easily

calculate the beryllium depletion by Eq. (3.4) at any operation time t.

However, we often do not know the neutron flux spectrum &(r,E} in

expression (3.5). We can avoid this obstacle if we model the neutron

flux spectrum @(r,E} by the exponential formula [9] as follows:
®(r) = Og- expl(-r/A), (3.6)

where r is the distance from the first wall;

A is the attenuation length required to characterize the
attenuation of fast neutron flux along r (obtained for numerous shield

types in Ref. 9);
dg is the fast neutron flux at the first wall (at r=0).

Combining (3.5) and (3.6) the expression for the functional J can

be written as follows:
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14.1 MeV
J = @ j dv- exp(-r/l)[ dE- Ggep(r.E) (3.7)
v 1 MeV

Let suppose Odeplr.E) does not change with a distance from the
first wall. After integrating the first integral in expression (3.7) we

obtain the expression for J as follows:

14.1 MeV
J = A®of1 - expl-r/n) f dE- 6dep(E) (3.8)

1 MeV

Further simplification is possible if we assume that Cdep(r.E) =
0.5 barn for 1 MeV<E<14.1 MeV. The expression {3.8) can be written

in that case as follows:

J = Ado{1 - expl-r/n)}-0.5-10-24 (3.9)

where the dimensions of A and r are given in cm and the

*

dimension of ®g is given in 1/cm?2s.

Combining (3.4) and (3.9) the expression for the beryllium

density at any distance from the first wall can be written as follows:

p(t) = po exp[- t-?\ﬁ)o{l - exp(-r/l)}-0.5-10-24] (3.10)
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The expression for the beryllium depletion at the first wall,
where the depletion is expected to be maximum, can be obtained

directly from Eqgs. (3.4) and (3.5) as follows:
plt) = po- expl- t-®g-0.5-10-24] (3.11)

The beryllium depletion at the first (behind the first wall) layer
of Japanese layered pebble bed bianket having beryllium multiplier, as
shown in Figs. 3.2 and 3.3, proposed for the ITER CDA [6], was
estimated by Eq. (3.11) to be about 9% for 3 MW-a/m?2 operation
.ﬂuence. The estimation for the second beryllium layer (see Figs. 3.2
and 3.3) by Eq. (3.10) gives the beryllium depletion of about 6.5%.
These results are shown in Fig. 3.4. If the operation fluence would be
10 MW-a/m?2, as it is anticipated for a DEMO fusion reactor, the
beryllium depletion in the first and the second beryllium layers of

above-discussed blanket would be about 25% and 18%, respectively.
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proposed for the ITER project by Japan.
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4. Impact of beryllium burn-up on the tritium breeding ratio.

It is supposed that 14-MeV neutrons from the plasma region,
after (n,2na) interactions either in the first or the second beryllium
layers, as shown in Fig. 3.3, will be both multiplied and slowed down to
be "caught” by the 10 mm-thick lithium layer between above-
mentioned the first and the second beryllium layers. As a result, the
tritium will be generated by fhe (n,t) reaction in 6Li, the main reaction
of tritium breeding for the blanket under discussion. Additionally,
some, relatively small, amount of tritium will be generated by the
(n.n't) reaction in 7Li.

Therefore, even 5-10% of beryllium depletion in the above-
mentioned beryllium layers may be undesirable regarding the neutron
balance in the blanket due to the high probability for 14-MeV neutrons
from the plasma region to "pass” through the thin beryllium layers
without (n.2na} interactions in the beryllium to be captured by
construction components, e.g. stainless steel, or to be slowed down
under the threshold of (n,2na) reaction by inelastic scattering in
above-mentioned construction components. Thus, the number of (n,t)
reactions in 6Li of above-mentioned 10 mm-thick lithium layer, the
most important layer which produces almost 50% of all tritium
generated in the blanket, will be decreased and the tritium breeding
ratio of the blanket will be decreased as well.

The ANISN [10] neutron transport code with the FUSION-40
[11] library of multigroup constants is used to calculate the above-
discussed decrease of tritium breeding ration of the Japanese layered
pebble bed blanket. The one-dimensional neutron. transport

calculations were performed in the torocidal midplane for the
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calculational model shown in Fig. 3.3 using the discrete ordinates
method with an Sg symmetric angular quadrature set and a Ps
Legendre expansion for the scattering cross sections.

The decrease of local tritium breeding ratio was found to be
about 0.5% and 1.3% for the 3 MW-a/m?2 and 10 MW-a/m?2 operation
fluence, respectively. Therefore, it was concluded that the beryllium
depletion for the ITER CDA/EDA design, whose operation fluence is
expected to be 1-3 MW-a/m2, can be neglected. However, for the
DEMO reactor, whose operation fluence is expected to be 10 MW-a/m?2
or even larger, the beryllium depletion and the followed decrease of

tritium breeding ratio are to be seriously discussed. subject to the

deign.
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5. Concluding remarks.

(1) The beryllium burn up in breede: blankets of a fusion reactor
exponentially decreases with the distance from the first wall and

increases with operation time.

(2) The beryllium depletion for the layered pebble bed beryllium
blanket proposed by Japan for the ITER CDA/EDA design seems to be
important only for the first and the second beryllium layers behind the
first wall, The beryllium depletion at the first and the second layers of

above blanket is estimated to be about 9% and 6.5%, respectively.

(3} The decrease of local tritium breeding ratio at the toroidal

midplane of above-mentioned blanket is estimated to be about 0.5%

after 3 MW-a/m? operation fluence.

(4) The beryllium depletion for DEMO breeder blanket, whose
operation fluence is expected to be more than 10 MW-a/m?2, is
expected to be by 3 to 7 times larger than that for the ITER design.
The corresponding decrease of tritium breeding ratio could be larger

than 1%, subject to the blanket design and the operation fluence.

(5} The thermal-hydraulic and structural-mechanic consequences of
beryllium burn up are out of the scope of this study, but are to be
addressed seriously, if the operation fluence of a fusion reactor under

the design is to be larger than 3 MW-a/m?2,

- 14m
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