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Advanced Ceramic Breeder (ACB) material is the European reference material for the ITER Test Blanket Module
(TBM) and the DEMO Helium Cooled Pebble Bed (HCPB) blanket concept. The biphasic ACB material (LisSiO4 +
Li»TiO3) has been extensively characterised and evaluated in the past. However, the ACB’s in situ performance
under neutron irradiation still has to be investigated in detail. Therefore, the “Advanced Ceramic Breeder’s in
situ Tritium Release Experiment under Neutron irraDiation” (ACB-TREND) campaign was launched. For the

irradiation taking place in the WWR-K research reactor, an irradiation rig (IR) design was developed that is
presented here. The IR design needs to meet certain criteria that allows more fusion-like irradiation conditions. A
cadmium shielding will be used to reduce the thermal neutrons to decrease the lithium burn-up significantly. The
IR design was evaluated in a mock-up test. Small adaptions were made to completely cover the desired tem-

perature range of 400-900 °C.

1. Introduction

Advanced Ceramic Breeder (ACB) material in the form of pebbles is
the European reference material for the ITER Test Blanket Module
(TBM) and the DEMO Helium Cooled Pebble Bed (HCPB) blanket
concept. ACB is a biphasic material consisting of lithium orthosilicate
(Li4SiO4, LOS) with additions of lithium metatitanate (Li;TiO3, LMT).
ACB pebbles are produced using the melt-based KALOS process [1,2].
While the material properties were comprehensively studied in the past
[2-7], only short, preliminary neutron irradiation experiments were
performed so far [8-12]. As the tritium release performance of ACB
pebbles under neutron irradiation is an essential issue, ACB pebbles the
“Advanced Ceramic Breeder’s in situ Tritium Release Experiment under
Neutron irraDiation” (ACB-TREND) campaign was launched. The ACB
pebbles will be irradiated at the WWR-K research reactor [13,14] and
the tritium release behaviour will be studied in situ. In contrast to pre-
vious shorter experiments, the ACB samples are enriched in lithium-6
and the neutron spectrum of the research reactor will be adapted to
more fusion-like conditions. This campaign is the European part of
irradiation experiments planned within the Broader Approach DEMO by
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KIT, while another irradiation campaign at the WWR-K reactor is
organised for Japan by QST (National Institutes for Quantum Science
and Technology).

For ACB-TREND, parameters were chosen to simulate ITER-like
conditions. This means a relatively low lithium burn-up and low dam-
age level with a ratio of about 0.7. The tritium release will be investi-
gated in the temperature range from 400 to 900 °C. Moreover, different
purge gas compositions shall be tested using pure helium and helium
with different additions of hydrogen. In the experiment, the tritium
release will be measured in situ distinguishing the tritium species HT
and HTO. Subsequently, the tritium residence time will be determined.

This work presents the technical preparation and in particular the
development of the irradiation rig (IR) design for the ACB-TREND
campaign to fulfil the requirements of the irradiation parameters and
fusion-like conditions in a fission reactor.
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Fig. 1. a) Light microscope image and b) SEM images of characteristic microstructures of the ACB pebbles 30-LMT-90.

Table 1

Material properties of ACB pebble sample 30-LMT-90. (referring to a theoretical density of 2.605 g/cm® considering the actual chemical composition and densities of

Li4SiO4 [15] and Li,TiO3 [16].).

Property LMT / mol Li-6 / at% Closed porosity / Open porosity / Pour density / gecm™  Tap density / gecm™  Crush load / N Pebble size /
% % % 3 3 (9=710 and 1000 um
pm)
Actual 28.3+0.4 88.97 4.0+ 0.1 22+0.2 1.35+0.03 1.53+0.03 10.5 + 4.0 500-1000
value +0.04 19.0 + 8.0
10™ Table 2
Reactor conditions in the WWR-K reactor (core position; no shielding for ther-
mal neutrons) in comparison to the ITER TBM considering 30-LMT-90 [17].
Parameter WWR-K (core) ITER TBM
- 13 ]
R 10 /k dpa/FPY 350 7.1
'E Li burn-up/FPY / % 48.5 4.9
s} Li burn-up/dpa ratio 0.14 0.7
-~ Contribution E < 0.1 eV / % 89 16
X 10124 Flux <0.1 eV / % 41 0.3
= Total flux / x 10'* necm 2es™* 3.2 1.9
c
o
=
8 " temperature ranges, one range per capsule (low temperature (LT):
Z 107 5 400-600 °C and high temperature (HT): 600-900 °C). For both tem-
perature ranges, the influence of the purge gas composition shall be
no screen studied. Therefore, pure helium and helium with different additions of
1070 +Cd shield hydrogen will be controllably purged into the capsules (He + x % Hy

10® 107 10® 10° 10* 10® 102 10" 10° 10
Neutron energy / MeV

Fig. 2. Typical neutron spectrum in a core position without (black) and with Cd
shielding (red).

2. Materials and methods
2.1. Samples and reactor conditions

Biphasic ACB material consisting of nominal 70 mol% LOS and
30 mol% LMT with a Li-6 enrichment of nominal 90 at% (hereinafter
referred to as ‘30-LMT-90) were selected for the ACB-TREND campaign
(see Fig. 1). Pebbles were produced with the KALOS process using high
purity raw materials of lithium hydroxide monohydrate (LiOHeH>0),
silicon dioxide (SiO,), and titanium dioxide (TiO5). To obtain the
desired lithium-6 enrichment, LiOHeH,0 (with 95 at% Li-6) purchased
from Sigma Aldrich was considered in the respective portion. The
pebbles that have a wide size range after production were screened to a
size range of 500 to 1000 pm. More detailed material properties of the
30-LMT-90 pebbles are summarised in Table 1.

For the experiment the material shall be irradiated in two indepen-
dent capsules including 2 g of ACB pebble beds (PB) in each capsule. The
tritium release behaviour shall be investigated in two different

with x = 0-0.2 vol%). For each capsule, three cycles of 20-21 days are
planned in which the temperature and purge gas composition will be
varied.

To simulate more fusion-like and in particular more ITER-like con-
ditions, the neutron spectrum of the fission research reactor needs to be
adapted. This means in particular that the high number of thermal
neutrons that occur in a fission reactor needs to be reduced. To cut off
thermal neutrons, different shielding materials were considered. Cad-
mium was chosen as most favourable shielding material due its specific
nuclear-physical properties. Fig. 2 shows the comparison of the
unshielded and Cd-shielded neutron spectrum in the WWR-K research
reactor.

Several parameters in ITER and the WWR-K were calculated and
compared [17] in order to know how the irradiation device needs to be
built to approximate as much as possible the desired values. Table 2
summarises the reactor conditions of the WWR-K reactor (core position,
no shielding) and the ITER TBM with regard to the 30-LMT-90 material.

2.2. Method for neutron-physical calculations

Neutron-physical calculations were carried out using the Monte-
Carlo code MCNP® (version MCNP6) [18] equipped with the
ENDF/B-VII library for nuclear cross sections [19]. The purpose of the
calculations was to determine the following parameters (statistical error
is given in brackets):
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Table 3
Relevant nuclear reactions considered in dpa calculations for the two phases in the ACB material.
Li-6 Li-7
LigSiO4 elast. (n,n"), (n,t) elast. (n,n")
Li,TiO3 elast. (n,n’), (n,t) elast. (n,n’)

Si Ti 0O-16
elast. (n,n’), (n,p) — elast. (n,n")
— elast. (n,n’), (n,2n) elast. (n,n’)

e Radiation heating in samples and the structural materials of the IR (<
4 %)

e Neutron flux density on the samples (8 % on average)

e Burn-up of lithium in the samples (~1.5 %)

e Number of defects (displacements per atom (dpa)) in the samples
(~1 %)

e Tritium activity (~1.5 %)

In the MCNP6 simulations the actual state of the WWR-K reactor core
was considered (i.e. core configuration, burn-up in the fuel assembly and
poisoning of the beryllium reflector). Furthermore, the IR is located in a
periphery cell of the reactor core at the boundary between the nuclear
fuel and the beryllium reflector. Any radial non-uniformity can be
neglected due to the small sample diameter. In the calculation of the
energy release, also the delayed gamma radiation emitted by the ura-
nium fission fragments was considered.

For the calculations of the lithium burn-up in the ACB sample the
following main reactions were considered:

5Li + n—>T+*He + 4.78 MeV (@]

’Li + n>T+*He +1n' — 2.47 MeV 2

For the reaction regarding Eq. (1) the microscopic cross section is
approximately 940 barns for thermal neutrons, while the cross section
for the nuclear reaction regarding Eq. (2) does not exceed 0.4 barns
(threshold reaction) [20]. The WWR-K reactor has a predominantly
thermal energy spectrum of neutrons, which would lead to an intense
nuclear reaction with regard to Eq. (1) in the ACB sample. Considering
that the ACB sample 30-LMT-90 exhibits a very high enrichment in
lithium-6 of 90 at%, the lithium burn-up is determined by the burn-up of
lithium-6 and hence by the nuclear reaction given in Eq. (1).

To calculate the damage level in the sample, the cross sections of
ceramic breeder materials by Leichtle were considered [21]. In a first
step the neutron flux density was calculated for 100 energy groups of the
energy spectrum. In a second step, the dpa formation rate in lithium
ceramics and the dpa for one operational cycle in the WWR-K reactor
was determined using Eq. (3).

Emax

:?: / ¢ (E;)-op(E;)dE; 3)
0

2|

where R is the dpa rate (displacement-m™-s), N is the atomic density
(atoms-m™), op is the displacement cross section, and ¢(E;) is the flux
distribution depending on the energy.

Damage cross sections for the two phases Li4SiO4 and Li»TiO3 in the
ACB material were provided by Leichtle [22]. For the calculations of the
dpa the reactions given in Table 3 were considered.

2.3. Method for thermophysical calculations

Thermophysical calculations were performed using the simulation
software COMSOL Multiphysics® [23]. An analytical system of funda-
mental heat transfer equations was used considering the thermal con-
ductivity, convection and thermal radiation. In the present case, a
non-isothermal flow module was used that combines the equations of
thermal conductivity in solid and liquid (gaseous) media with the
Navier-Stokes equation for laminar or turbulent flow of cooling gases or
water flows.

The following Egs. (4-5) of heat conduction and convection were
used:

oT
pcpa +pCuVT+V-q=Q+Q+Qu )]
q=-kVT ®)

where: p — density (kgecm™); Cp — specific heat capacity at constant
pressure (J -kg'loK'l); T — absolute temperature (K); u — velocity vector
(mes™); q - heat flow vector in (Worn'z); Q - internal heat source (Wem”
3, Qp — heat caused by pressure (Wem); Quq — heat of internal friction
(Wom’g); k — thermal conductivity (WemleK™).

For heat transfer by radiation (surfaces) the Eqs. (6-11) and for the
laminar flow the Egs. (12-13) that are the Navier-Stokes equations for
the conservation of momentum and the conservation of mass were used:

—n-q = &G —ey,(T)) (6)
(1—-6)G=J—eey(T) )
G = Gn(J) + Gamb + Gext (€)]
Gamb = Famben (Tamb) )
Gext = Gexwir + Gexwite (10)
60
mm Stainless steel (R0, R2, R4)

» I Helium coolant (R1)
I Helium carrier (R3)
a0k Pebble bed (R5)

o ©

Q1

R3 R2 R1 R0

Fig. 3. Main domains of the model indicating boundary conditions, heat
sources and radius designations.
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ey(T) = n®eT* an
Ju N 2
Pot pwVu=V-| —pl +pu(Vu+ (Vu)') — 3 (V-wl| +F+pg
12)
P w0 a3
Jat

where: n — normal vector outward; ¢ — surface emissivity (dimension-
less); u — dynamic viscosity (Paes), G — incident flux (Wom’z); ep(T) —
total black body radiation power (Wom'z); J — radiation flux (Wom'z);
G, — mutual surface radiation (Wom'z); Gamp — environment flux (Wem”
2); Gext — external flow (Wem™); Famp — appearance factor (dimension-
less); Tamp — ambient temperature (K); Gexipir — direct component of
external radiation (Wom’z); Gexpiff — diffuse (scattered) component of
external radiation (Wem™); n — refractive index for a transparent me-
dium (dimensionless), ¢ — Stefan-Boltzmann constant (Wom'2oK'4); V-
differentiation operator, Nabla (m'l); I - unit tensor (dimensionless); F —
volume force vector (Nom'3); g — gravity acceleration (m2es™).

The ACB PB was simulated as a porous media with 63 vol% of ce-
ramics and with an average thermal conductivity coefficient (37 vol%
pores filled with helium). Emissive surfaces are described as radiating
diffusively only outward, but receiving similar radiation from other
surfaces. The temperatures of the sample and the structural materials of
the IR, as well as the temperature gradient throughout the PB’s volume,
were estimated by calculation.

Thermal calculations were carried out for two different helium gas
pressures in the thermal gap of the IR: 10 and 10° Pa referring to the
maximum and the minimum temperature, respectively.

First thermophysical calculations were refined for the favoured IR
design option. A limited axisymmetric representation of the IR and its
geometry was developed. Fig. 3 shows the geometry of the IR indicating
the main domains and their materials and the heat sources in them. It
was assumed that the IR is cooled by water from the reactor cooling
system and the surface temperature of the outer wall RO is fixed and has
a temperature of 40 °C (i.e. Ty in Fig. 3).

The standard library of COMSOL was used for the different materials:
Li4SiOg4, LioTiO3, helium and stainless steel (SS 316LN was selected as an
analogue of 12Cr18Nil0Ti stainless steel). Parameters such as thermal
conductivity, dynamic viscosity, specific heat capacity at constant
pressure and density were implemented from the library.

A calculation of the stationary distribution of temperatures and gas
flow was carried out (using stationary mode in COMSOL). It is assumed
that there is no convection in the helium cooling circuit and its absolute
pressure can vary from 10 to 1.5 x 10° Pa, which is used to control the
heat transfer coefficient and the cooling flow (temperature) of the
sample capsule.

The PG is purged from the bottom to the top with a flow rate of 0.1

I'min (i.e. Vipin Fig. 3). The PG supply is located at the bottom side of
R3 domain and exits at the opposite boundary at the top meeting
‘pressure-free’ conditions (i.e. p = 0 in Fig. 3). Helium as the PG is
described as an incompressible, non-isothermal gas moving laminarly in
the lower and upper parts of the domain and in the gap between the
capsule wall (R4) and the tube (R3) (see Fig. 3). Darcy’s law is consid-
ered as a part of the PG flow passes through the PB (see Eq. (14)).
Vin = % Ap a4
where: Vi, — He flow rate (m3es™); Ap — He pressure drop across the
height h of the PB; A — cross-sectional area of the He gas supply into the
PB; k, — PB permeability (m?), which is assumed to be 6.3 x 10° m?
according to [24]; u — dynamic viscosity of He.
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Scale 3.5:1
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Fig. 4. Favoured IR design option with the following components: 1) Sealed
lead-in 2) pumping path 3) fitting KF16 4) coolant (helium) path 5) direct
fitting KF16 6) holder 7) purge gas path 8) channel 9) spacer 10) displacer 11)
cadmium 12) capsule 13) platinum mesh 14) thermocouples 15) sample loca-
tion 16) support 17) external channel 18) internal capsule 19) upper shim 20)
bottom shim.

3. Results and discussion
3.1. Design of the irradiation rig

In a first step five options were considered with regard to pure
LisTiO3 as this was the material to be tested in the mock-up tests (pro-
vided by QST). In four cases, the capsule has a cylindrical shape with
different dimensions, while in one case the capsule has the shape of a
hollow cylinder. The volumes were chosen to fit about 2 g of ceramic
pebbles in each capsule. Considering the results from neutron-physical
calculations, one of the five options was favoured.

The suggested design option for the IR is shown in Fig. 4. The IR is a
double-circuit sealed system: both, inner and outer circuits are filled
with helium, but the inner circuit will be purged with the desired PG
compositions during the irradiation experiment. A capsule including the
sample is installed inside the IR. While the capsule in total is U-shaped,
the sample geometry is cylindrical (h = 47 mm, & = 6 mm). The IR body
with flanges, capsule and gas tubes is made of stainless steel. The inner
surface of the capsule is covered with a platinum foil/mesh to prevent a
reaction of the ACB sample with the structural material of the capsule.
The capsule has two gas paths: one serving as the PG supply during the
experiment and another one to pump the PG to the measurement
equipment. The PG supply to the capsule is located at the bottom. The
outer casing of the IR has one gas tube, which is designed to regulate the
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Table 4

Calculated energy release in the IR elements for the selected IR design option.
Sample 30-LMT- Inner Outer Al alloy cd
90 capsule capsule channel shielding
32.3 Weg! 1.3 Weg'! 1.3 Weg! 1.2 Weg! 15.0 Weg!

Table 5

Neutron flux density in the sample volume for the favoured IR design option; A¢
represents the relevant error.

Group number Energy range / MeV Sample 30-LMT-90

¢ /cm st Agp

1 0 - 2.52E-08 2.42E+11 0.04
2 2.52E-08 - 2.15E-07 2.15E+12 0.02
3 2.15E-07 - 4.65E-07 5.96E+11 0.06
4 4.65E-07 - 1.00E-06 7.78E+11 0.06
5 1.00E-06 - 2.15E-06 1.04E+12 0.06
6 2.15E-06 - 4.65E-06 1.14E+12 0.06
7 4.65E-06 - 1.00E-05 1.47E+12 0.05
8 1.00E-05 - 2.15E-05 1.66E+12 0.06
9 2.15E-05 - 4.65E-05 1.99E+12 0.06
10 4.65E-05 - 1.00E-04 1.90E+12 0.05
11 1.00E-04 - 2.15E-04 1.91E+12 0.06
12 2.15E-04 - 4.65E-04 2.06E+12 0.06
13 4.65E-04 - 1.00E-03 2.17E+12 0.05
14 1.00E-03 - 2.15E-03 2.28E+12 0.05
15 2.15E-03 - 4.65E-03 2.31E+12 0.06
16 4.65E-03 - 1.00E-02 2.22E+12 0.05
17 1.00E-02 - 2.00E-02 2.24E+12 0.06
18 2.00E-02 - 5.00E-02 2.33E+12 0.06
19 5.00E-02 - 1.00E-01 2.46E+12 0.05
20 1.00E-01 - 2.00E-01 3.51E+12 0.05
21 2.00E-01 - 4.00E-01 4.62E+12 0.04
22 4.00E-01 - 8.00E-01 5.69E+12 0.03
23 8.00E-01 - 1.40E+00 5.48E+12 0.04
24 1.40E+00 - 2.50E+00 6.18E+12 0.03
25 2.50E+00 - 4.00E+00 3.32E+12 0.04
26 4.00E+00 - 6.50E+00 1.68E+12 0.06
27 6.50E-+00 - 1.05E+01 4.26E+11 0.13
28 1.05E+01 - 2.00E+01 9.58E+09 0.28
Integral 6.39E+13

pressure and to control the temperature. At the outside of the IR, be-
tween the standard displacer and the aluminium channel, a cadmium
screen with a thickness of 1 mm is installed to cut off the thermal neu-
trons from the sample. Inside the channel circulates the reactor primary
circuit water. Two K-type thermocouples will be implemented in the
capsule. One is located behind the platinum foil at a height of 15 mm
from the top (not in direct contact with the ACB), while the other is
positioned in a central position in the PB at a height of 15 mm from the
bottom.

The option of implementing passive neutron flux sensors (fluence
monitors) within the IR is given. They were implemented for the mock-
up test to examine their practicability (see subSection 3.4).

The following advantages of the IR design option were considered:

e Compliance with the requirements of the technical specification

e Reliability and ease of maintenance

e Possibility of repeated use by replacing only the internal sample
capsule

3.2. Neutron-physical calculations

Neutron-physical calculations for the 30-LMT-90 sample in the fav-
oured IR design option were performed to determine the radiation
heating in the ACB sample and the IR structural materials, the neutron
flux densities (¢), the lithium burn-up, the damage level (dpa), and the
tritium activity. The results on the energy release in the ACB sample and
the different materials of the IR are given in Table 4 for the selected

Fusion Engineering and Design 212 (2025) 114851

Table 6
Results on the lithium burn-up and the dpa in the ACB sample and the tritium
activity corresponding to one irradiation cycle in the reactor.

Lithium-6 burn-up / % dpa Li-6 burn-up/dpa ratio Tritium activity / Bq

0.43 034 127 2.58E+11
60 °C 60 °C
mm mm 500
50 50}
1000 450
40 40
30 301 400
20¢ 800 200 [ 350
10 10
300
oF 600 of
250
10 10
=20 400 -20F 1 200
i
30t 30t 150
401 401
200 100
50} 50
50
605 7mm 605 7mm

Fig. 5. Steady-state temperature distribution in the IR at 10 Pa (left) and 10° Pa
(right) helium cooling for option-A.

design option.

The neutron flux densities in the volume of the ACB PB were deter-
mined for 28 energy groups of the neutron spectrum. The calculation
results on the neutron flux density for the ACB sample 30-LMT-90 with
regard to the favoured design option is shown in Table 5.

The results on the lithium burn-up and the damage level in the ACB
material, as well as the tritium activity are summarised in Table 6. In
addition, the ratio of lithium burn-up to dpa is given. The given tritium
activity was determined only by the nuclear reaction in Eq. (1).

The given dpa value of 0.34 corresponds to the average volumetric
value over the entire PB. However, it should be noted that the dpa on the
surface of the PB equals 2.98. The dpa value is not affected significantly
by the thickness of the cadmium shield that will be implemented in the
IR. For example, for the favoured IR design option including a cadmium
shield with a thickness of 0.5 mm the dpa value is 0.36, for a thickness of
1.0 mm the dpa equals 0.34, and for a thickness of 1.5 mm the dpa
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Fig. 6. Radial temperature distribution in the IR at 10 Pa (left) and 10° Pa (right) helium cooling for option-A. Blue: at half-height of the capsule; green: on the upper

surface of the capsule.
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-20 -10 0 10 20
Height / mm

360

Fig. 7. Vertical temperature distribution in the IR at 10 Pa (left) and 10° Pa (right) helium cooling for option-A. Blue: along the capsule’s axis; green: on the vertical

surface of the ACB.

equals 0.33. An effect resulting from the burn-up of the cadmium can
also be neglected due to the intended, relatively short irradiation times.

3.3. Thermophysical calculations

Temperature distributions for the ACB sample 30-LMT-90 in the
favoured IR design option were calculated and are shown in Figs. 5-7.

Varying the helium gas pressure, it was estimated by calculations to
achieve the lowest and highest desired temperatures. In the case using a
helium gas pressure of 10 Pa, the average temperature of the ACB
pebbles calculated by volume integration is 1067 °C. The average de-
viation of temperature over the entire ACB volume is +41 °C. The speed
of helium gas in the PB is 1.8 cm-s™.. When using a helium gas pressure of
10° Pa, the average temperature of the ACB pebbles is 447 °C with an
average deviation of £22 °C over the ACB volume and a helium gas
speed of 0.75 cm-s™! in the PB.

These results for the favoured IR option almost cover the required
temperature range completely. The highest desired temperature of 900
°C seems to be achievable by using a helium gas pressure of 10 Pa.
However, the calculations show that the lowest desired temperature of
400 °C cannot be reached with a helium gas pressure of 10° Pa.

The decisive factor ensuring the normal temperature regime of the
ACB samples is the thermal conductivity of the PB, which can affect the
temperature regime of the samples. The influence of the “cold” PG on the
temperature regime of the samples is not completely clear. A prediction
of such a parameter was difficult to calculate and was tested during the
mock-up test.

Fluence
monitors

Fig. 8. Locations of the fluence monitors (compare Fig. 4).
3.4. Mock-up test and adjustments to the IR design
The performance of the favoured IR design option was analysed in a

mock-up test during 16 days of irradiation in a representative irradiation
cell of the reactor. LioTiO3 pebbles enriched in lithium-6 by 95 at%
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Fig. 9. Temperature distributions in the capsule with a wall thickness of 0.7
mm to reach the min. temperature in the LT-range (left) and with a wall
thickness of 0.3 mm to reach the max. temperature in the HT-range (right).

provided by QST were used as ceramic breeder material for the mock-up
test. The test was performed to verify the neutronic and thermophysical
calculations, to measure the fluence of thermal and fast neutrons in the
capsule and to test the functionality of the tritium utilisation system. The
main objective with regard to the ceramic breeder was to test if the
minimum target and maximum target temperatures of 400+20 °C and
900+45 °C, respectively, can be achieved.

During the mock-up test, fluence monitors were added to the IR
design to measure the neutron flux density. Iron-based monitors were
used to measure the fluence of fast neutrons (>1.0 MeV), while monitors
made of aluminium cobalt alloy (Al-0.475%Co) were used to measure
the fluence of the thermal neutrons (<0.683 eV). Two fluence monitors
of each kind were implemented inside the irradiation channel between
the purge gas supply and the outer channel including the capsule with
the sample. Their positions were stretched along the height of the PB
sample (see Fig. 8). In general, the experimental and the calculated
fluence values are in good agreement. In three cases, the experimental
fluence determination is by a factor of 1.3 higher than the fluence cal-
culations. Only the upper fluence monitor for thermal neutrons revealed
values in the experiment that are higher by a factor of 1.8, which is due
to the spatial deviation (radial) of the monitor in the guide tube during
irradiation.

The mock-up test revealed that the average temperature at about 10°
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Pa helium gas pressure was 425+30 °C and at <10 Pa was 878+37 °C.
Therefore, the minimum and maximum of the desired temperature
range could almost be covered, but still the minimum and maximum
could not be reached. This is why the following adjustments are
suggested.

For the irradiation in the LT-range the wall thickness of the capsule
enclosing the ACB sample will be increased by 0.2 mm to be able to
achieve the minimum target temperature of 400 °C. With this the in-
ternal diameter of the capsule is reduced from 6.0 to 5.6 mm while the
height is changed from 47 to 54 mm keeping the diameter of the outer
capsule constant at 7 mm. All other dimensions of IR will remain the
same. Thermophysical calculations showed that the average tempera-
ture in the capsule with a wall thickness of 0.7 mm (instead of 0.5 mm)
will be 397419 °C. The temperature distribution inside the adjusted IR
for the LT-range is shown in Fig. 9, left.

For the irradiation in the HT-range the wall thickness of the capsule
will be decreased by 0.2 mm to enable the maximum target temperature
of 900 °C. As a result, the internal diameter of the capsule is increased
from 6.0 to 6.4 mm while the height is changed from 47 to 41 mm
keeping the diameter of the outer capsule constant at 7 mm. All other
dimensions of IR will remain the same. The average temperature in the
capsule with a wall thickness of 0.3 mm (instead of 0.5 mm) was
simulated to be 899+41 °C. The temperature distribution inside the
adjusted IR for the LT-range is shown in Fig. 9, right.

4. Conclusions

One out of five irradiation rig design options was selected for the
neutron irradiation of ACB pebbles within the ACB-TREND campaign.
ACB pebbles consisting of nominal 70 mol% LisSiO4 and 30 mol%
Li»TiO3 with 90 at% lithium-6 will be used for the irradiation experi-
ment. The irradiation rig design offers a volume to irradiate a pebble bed
of ~2 g per capsule. Two capsules will be irradiated independently
within a low (LT, 400-600 °C) and a high temperature (HT, 600-900 °C)
range, while the samples are purged with different gas compositions (He
+ x % Hp). For each capsule, three irradiation cycles are foreseen in
which the temperature and purge gas composition will be varied.
Comprehensive neutron-physical and thermophysical calculations were
performed. The lithium burn-up will be 0.43 %, the damage level 0.34
dpa, and the tritium activity 2.58 x 10'! Bq per irradiation cycle. The
energy release calculated in the sample will be 32.3 Weg™!. First calcu-
lations showed that the lowest target temperature of 400 °C could not
fully be reached. A verification of the calculations was done in a mock-
up test using pure Li»TiO3. Subsequently, the irradiation rig design was
slightly adapted for the LT- and the HT-irradiations resulting in calcu-
lated target temperatures of 397+19 °C and 899+41 °C. The start of the
irradiation is planned for spring 2025.
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