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ABSTRACT 

In order to validate new nuclear cross-section evaluations, method development and 
design of the helium-cooled pebble bed (HCPB) test blanket module of ITER a benchmark 
experiment was performed this year at the Frascati Neutron Generator (FNG) in the scope of 
the EFF (European Fusion File) project in Europe. The objective of this experiment is to study 
the tritium breeding ratio and other nuclear quantities in a breeder blanket in order to establish 
and improve the quality of related JEFF nuclear data. The experiment consists of a metallic 
beryllium set-up with two double layers of breeder material (Li2CO3 powder). The reaction 
rate measurements include the Li2CO3 pellets (tritium breeding ratio), activation foils, and 
neutron and gamma spectrometers inserted at several axial and lateral locations in the block. 
Our task is to perform the deterministic transport, and cross section sensitivity and uncertainty 
analysis. The role of the cross-section sensitivity and uncertainty analysis is to optimise the 
design of the benchmark, and to assist in the interpretation of the measurement results. The 
paper presents the pre- and post- analysis of the benchmark experiment.  

1 INTRODUCTION 

Tritium self-sufficiency of the fusion power plants is one of the demanding 
requirements which will have to be fulfilled in order to use fusion in the future for the 
electricity production. Although this condition is only planned to be met in the next step 
demonstration power plant (DEMO), the ITER reactor should already demonstrate the 
feasibility of reaching tritium self-sufficiency. Several tritium breeding blankets module 
(TBM) concepts developed in different countries participating in the ITER project (China, 
EU, Japan, Korea, RF, US) will be tested in ITER in order to arrive at the final design of 
DEMO blankets. Two European concepts for TBM were proposed for ITER, including the 
Helium Cooled Pebble Bed (HCPB) Breeder Blanket with lithium ceramic pebbles as breeder 
(Li4SiO4 or Li2TiO3) and beryllium as neutron multiplier, and the Helium Cooled Lithium 
Lead (HCLL) Blanket using the Li-Pb as breeder and neutron multiplier.  

Many questions concerning the design of the breeder blanket modules were still not 
resolved. The design of the device relies on the calculational analyses based on complex 
radiation transport codes and nuclear data. Such analysis should provide not only an accurate 
estimation of the design parameters, but also the associated uncertainties which are essential 
to determine the design safety margins. 
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EFF (European Fusion File) project devoted large efforts in the development of the 
needed computer codes and nuclear data libraries. Furthermore benchmark experiments 
involving relatively simple geometries, pure material compositions and well established 
irradiation conditions were performed to test and validate the computational tools and data. 
Several such benchmark experiments were performed in the past at the FNG facility in 
Frascati, including FNG-ITER Blanket Bulk Shield [1], FNG-ITER Neutron Streaming [2], 
Silicon Carbide [3, 4], Tungsten [5] and finally this year the HCPB Blanket Tritium 
Production Rate Experiments [6]. Concerning the Breeder Blanket program in particular the 
tritium breeding performances of the different TBM concepts need to be demonstrated and 
validated.  

2 HCPB BREEDER BLANKET MOCK-UP 

2.1 Benchmark Experiment Description 

To validate the computational tools and nuclear data required for the design of the 
Helium-Cooled Pebble Bed (HCPB) Breeder Blanket, one of the Breeder Blanket Modules to 
be tested in ITER, a mock-up benchmark experiment was performed at the 14 MeV Frascati 
Neutron Generator (FNG) in 2005 [6]. The experiment should determine the state-of-the-art 
of the JEFF-3 nuclear data files for the use in the fusion reactor applications, essentially the 
beryllium cross-sections and the tritium breeding performance.  

The HCPB TBM mock-up is described in [6] and shown in Figure 1. The experimental 
block consists of a stainless steel (AISI-316) box with the (x-z) cross section 31 cm x 31 cm, 
and 29 cm thick (y-axis). The steel box walls are 0.5 cm thick. 

The box is filled with metallic beryllium with the density of 1.85 g/cm3 and contains 
two double layers made of breeder material (Li2CO3 powder). The breeder layers are 1.2 cm 
thick each, and are separated by 1 mm thick stainless steel walls. 

The breeder material contains natural lithium, i.e. with 7.5 wt.% 6Li, 92.5 wt.% 7Li and 
the density 1.13 (powder) and 1.58 g/cm3 (pellets, i.e. scoring regions). For the ITER TBM 
the use of Li4SiO4 or Li2TiO3 with enriched Li is considered. 

The rear box is made of AISI-316 stainless steel with the box walls with the thickness 
of 0.5 cm, and the external dimensions of 31.0 cm (x) x 12.7 cm (y) x 31 cm (z). The box 
contains Li2CO3 powder. 

The 14 MeV FNG neutron source is located 5.3 cm in front of the block. 
Tritium production ratios were measured by the Li2CO3 pallets placed in the breeder 

layers at four positions along the central beam axes of the block at y=4.2, 9.6, 15.7 and 22 cm 
from the front surface of the mock-up. Altogether 16 measurement positions were available. 
Tritium production was measured using the 6Li(n,t) and 7Li(n,t) reactions, covering 
respectively fast ant thermal neutron energies. Different laboratories were involved in these 
measurements, assuring therefore validation and intercomparison of different measurement 
techniques.  

90Zr, 27Al and 55Mn reaction rates were measured by activation foils inserted at 4 
positions in the central Be layer. Neutron and gamma spectra were measured by the TLD at 
the end of the central Be layer. 

The pre-analysis of the experiment using deterministic computational tools for particle 
transport, sensitivity and uncertainty analysis was performed in 2004 and is presented in [7]. 
These studies permitted to verify the design of the HCPB mock-up to be tested in the FNG 
neutronics experiment, anticipate the expected benefits of the experiment and prepare the 
computational tools and nuclear data needed. In order to optimise the experimental 
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configuration possible variations with respect to the reference design were studied, and 
advantages of different configurations were investigated. For the proposed reference design 
the 6Li(n,t) reaction rates at all 4 radial positions were found to be rather similar in magnitude 
and sensitivity to the cross-sections. The positioning of the two ceramic breeder layers with 
respect to the central axis was varied and the analysis showed that in the set-up with the 
breeder layers closer to the central axes the measurement positions would have different 
sensitivity to cross-sections of 9Be and Li, providing therefore additional information on these 
nuclear data. Alternative experimental configurations were also found to cover wider range of 
neutron spectra in ITER. Nevertheless the proposed mock-up modifications were finally not 
retained due to some practical problems (detector positioning and sizes) these modifications 
would introduce. The result that several measurement positions were found equivalent was on 
the other hand used to intercompare the measurement techniques employed by different 
laboratories. 

 

Fig. 1: Mock-up of the TBM Experiment 

 

Detector positions: 
A: y = 4.2 cm 
B: y = 9.6 cm 
C: y = 15.7 cm 
D: y = 22 cm 
1, 4: z = ±4.75 cm 
2, 3: z = ±3.45 cm  

 
2.2 Analysis - Discrete Ordinates Transport Calculations 

The same computer code system as already used and validated in the analyses of 
previous experiments was used, i.e. discrete ordinates code DORT and TORT [8], first 
collision source code GRTUNCL (2D and 3D) [9] and the SUSD3D [10] cross-section 
sensitivity and uncertainty package. FENDL-2 [11] and EFF-3 cross-section data were 
processed using TRANSX [12] to produce multigroup self-shielded cross sections. The 
response functions were taken from the IRDF-90.2 (6Li(n,t) reaction) and JEF-2.2 (7Li(n,t) 
reaction). Covariance matrices of different origin were used: EFF-3 (9Be), IRDF-90 (6Li) and 
ENDF/B-VI.8 (7Li). 

Proceedings of the International Conference “Nuclear Energy for New Europe 2005” 



164.4 

Two discrete ordinates (SN) particle transport codes were used in the analyses, DORT 
and TORT, both part of the DOORS package [8]. Some difficulties were encountered in the 
modelling of the experimental geometry using SN codes, some of them already known from 
the previous analyses of the FNG experiments: 
- The neutron source located in the air, is a low-scattering media, causes ray effects due to 

particles preferentially transported in the directions of the chosen discrete angles. The first 
collision source approach is needed in order to mitigate ray effects, but the calculation is 
mathematically more complex. As in the case of the SiC and W benchmark analysis The 
DORT code, which was already used for the shielding studies of previous FNG 
experiments, uses the auxiliary code GRTUNCL to calculate the uncollided and first 
collision neutrons fluxes and provides a restarting first collision source for the DORT 
calculation. A similar code, GRTUNCL-3D [9] was developed for the 3-dimensional code 
TORT. 

- The geometry includes layers of breeder material and their exact description requires 
detailed 3D modelling using codes like TORT, PARTISN, or THREEDANT. Or, the 
uncollided and first collision module for TORT became publicly available only recently. 
The experimental model was therefore described at first in a slightly simplified 2-
dimensional cylindrical geometry, with the breeder layers in a form of cylinders with 
equivalent radii in stead of actual layers. The sensitivity studies showed that the calculated 
reaction rates were not very sensitive to small variations of the size of the radius. 

The DORT model included 30 radial and 52 axial intervals. S16 and P5 approximations 
were used in the calculations. The analyses were performed in the 175 VITAMIN-J energy 
group structure using the standard fusion library FENDL-2 [11] as well as the EFF-3 library 
(9Be). In the FENDL-2 library the 9Be data are taken from the JENDL. The libraries contain 
the cross section data in the multigroup MATXS format at several temperatures and 
background cross sections. The TRANSX-2 code system [12] is subsequently used to produce 
multigroup self-shielded problem specific cross sections for radiation transport codes. The 
response functions were taken from the IRDF-90.2 (6Li(n,t) reaction) and JEF-2.2 (7Li(n,t) 
reaction). Thin foils were used, therefore the infinite diluted detector cross sections were 
considered adequate.  

As in the previous analysis of the FNG bulk shield [1], streaming [2], SiC [3,4] and 
tungsten [5] benchmarks, the neutron source spectrum for the DORT calculations was taken 
from the MCNP/4B studies using special subroutine. The spectrum is peaked between 14.5 
and 15.6 MeV, and placed at a distance of 5.3 cm from the face of the block. The angular 
anisotropy was approximated with the following expression: 

S(Θ)= 1+ 0.045 cos(Θ) 
where Θ is the angle between the direction towards the block and the beam direction. 

In the DORT cylindrical model of the reference mock-up design the breeder layers were 
approximated by equivalent cylinders with radii between 5.3 to 6.5 cm for the inner layer and 
6.6 to 7.8 cm for the outer layer (i.e. cylinders centred at radii 5.9 and 7.2 cm, corresponding 
respectively to the detector positions 2 and 1 in Fig. 1 The agreement between the TBR in 6Li 
and 7Li calculated by the DORT and MCNP codes is within 20 %, which is considered 
reasonably good taking into account the geometrical simplifications in DORT and the 
statistical uncertainty of the MCNP calculations. In particular this agreement is considered to 
be sufficient to allow accurate sensitivity analyses, which are relative quantities and as such 
the agreement in energy/space distribution is more important than an agreement in the 
absolute values.  
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The differences between the results using the cross sections from the FENDL-2 library 
(i.e. with JENDL 9Be evaluation) and 9Be from the EFF-3 evaluation were found to be of the 
order of ±3% for the 6Li(n,t), and up to about 8% for 7Li(n,t). 

 
2.3 Extension to 3D Analysis  

The 2-dimensional models required simplifications and approximations in the 
description of the actual benchmark geometry. The main reason for this choice was the error 
introduced in the fast neutron flux by the ray effect in the low scattering media. To mitigate 
this effect the discrete ordinates code transport calculations require the uncollided and first 
collision method but only the 2D version of the code GRTUNCL code was available to us in 
the past. Recently the 3-dimensional version of this code for the calculation of the uncollided 
and first collision source, GRTUNCL-3D, was received, allowing full 3D calculation with the 
TORT code. The results are shown in Table 1. 7Li(n,t) and the 6Li(n,t) reaction rates, sensitive 
respectively to the high and low energy neutrons, are in excellent agreement, within few %, 
with the MCNP/4C results taken from [6]. This proves good functioning of the GRTUNCL-
3D code and the absence of the ray effects in the calculations.  

 
Table 1: 6Li and 7Li tritium production rate in units of [t/n/cm3/s] calculated using the TORT and 
MCNP [6] transport codes and the FENDL-2 library. Detectors positions are shown in Fig. 1. 

 
TORT MCNP TORT/MCNP Y -locat. 

(cm) 6Li(n,t) 7Li(n,t) 6Li(n,t) 7Li(n,t) 6Li(n,t) 7Li(n,t) 
z = 3.45 cm / (Det. 2 / 3) 

4.2 (A) 1.36E-5 7.65E-6 1.38E-5 / 
1.42E-5 

7.84E-6 / 
7.89E-6 

0.99 / 0.96 0.98 / 0.97 

9.6 (B) 1.80E-5 2.83E-6 1.79E-5 / 
1.78E-5 

2.81E-6 1.01 1.01 

15.7 (C) 1.53E-5 1.08E-6 1.48E-5 / 
1.50E-5 

1.07E-6 / 
1.06E-6 

1.03 / 1.02 1.01 / 1.02 

22 (D) 9.43E-6 4.26E-7 8.48E-6 / 
8.79E-6 

4.18E-7 / 
4.31E-7 

1.11 / 1.07 1.02 / 0.99 

z = 4.75 cm / (Det. 1 / 4) 
4.2 (A) 1.44E-5 7.21E-6 1.48E-5 / 

1.49E-5 
6.98E-6 / 
6.92E-6 

0.97 1.03 / 1.04 

9.6 (B) 1.94E-5 2.72E-6 1.95E-5 / 
1.94E-5 

2.62E-6 / 
2.63E-6 

0.99 / 1.00 1.04 / 1.03 

15.7 (C) 1.66E-5 1.06E-6 1.60E-5 1.02E-6 / 
1.03E-6 

1.04 1.04 / 1.03 

22 (D) 1.03E-5 4.25E-7 9.39E-6 / 
9.46E-6 

4.10E-7 / 
4.25E-7 

1.10 / 1.09 1.04 / 1.00 

 
2.4 Study of Variations in Ceramic Density 

The above calculations were performed using the theoretical density of the breeder 
ceramic powder assumed to be 2.3 g/cm3. The actual density was lower. An analysis using 
two times lower powder density, and the density of the pellets (scoring region) of 1.7 g/cm3, 
considered to be more realistic, showed that this would increase the 6Li reaction rates by up to 
20 or 30 %, and reduce 7Li reaction rates by about 10 to 20 %. 
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2.5 Sensitivity and Uncertainty Analysis Using SUSD3D Code 

The cross section sensitivity and uncertainty analyses were performed using the 
SUSD3D [10] computer code package, which calculates the sensitivity profiles from the 
direct and adjoint angular moment fluxes obtained by the discrete ordinates codes like DORT, 
TORT [8] and others. The main advantages of the code are low CPU time requirements and 
flexibility in its use. The code package was partly developed in the scope of the previous EFF 
projects (from 1995 on), and was widely used in the past for fission and fusion shielding 
benchmark analyses, like FNG bulk shield, FNG streaming and FNG SiC and tungsten 
benchmarks (see [1] to [5]), as well as for the validation of the Monte Carlo sensitivity 
methods [13]. 

Improvements and further development of the SUSD3D cross-section sensitivity and 
uncertainty code were done in order to facilitate the pre and post-processing (input data, 
plotting of the sensitivity profiles). 

For these analyses the transport calculations both in the forward and adjoint mode were 
performed first by the DORT code. The adjoint calculations were done using the same DORT 
geometrical model as for the forward calculation, but with an adjoint source, equal to the 
detector response functions. The deepest locations in the experimental block were considered, 
i.e. 22 cm from the front surface. The equivalent 3D sensitivity analyses are underway. 

Covariance matrices of different origin were used: EFF-3 and ENDF/B-V evaluations 
contain matrices for 9Be, 6Li matrices are available in IRDF-90 and for 7Li in the ENDF/B-
VI.8 evaluation. The 9Be EFF-3 and ENDF/B-V covariance matrices are included 
respectively in the ZZ-VITA.-J/COVA/EFF3 and ZZ-VITAMIN-J/COVA libraries and were 
processed into the required 175 energy group structure using the ANGELO-2 code. For the 
other evaluations the ERROR/NJOY-97 processing code was used.  

The energy integrated sensitivities and the corresponding uncertainties are presented in 
Table 2. The main conclusions of this study are the following: 
• 6Li(n,t) reaction rate is most sensitive to the 9Be elastic, (n,2n), (and to smaller extent to 

(n,t) and (n,α)), 6Li(n, αt), 7Li elastic, 16O and 12C cross-sections. 
• According to the available covariance data the uncertainties in the tritium production rate 

are relatively low, between 2% (using EFF-3) and 5% (using ENDF/B-V). This does not 
include the uncertainties in SAD/SED for which the covariance matrices are not 
available.  
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Table 2: Energy integrated sensitivity of 6Li(n,t) to cross-sections (in units of % change in TPR for 
1% change of cross sections) and the corresponding uncertainties (Δ). 
For detector positions D1 and D2 see Fig. 1: D (y=22cm), 2 (z=5.9cm), 1 (z=7.2cm) 

 
  Det. D2 Det. D1 

Elem. Reaction Sensitivity Δ  Sensitivity Δ  
  (%/%) (%) (%/%) (%) 

Tot 1.500 1.8* - 4.6# 1.779 2.0* - 5.1#

El. 0.937  1.183  
(n,2n) 0.645  0.674  
(n,t) -0.017  -0.018  

9BE 

(n,α) -0.051  -0.053  
6Li (n,αt) -0.891 0.13+ -0.954 0.13+

Tot 0.031 0.1## 0.025 0.08##

El. 0.030  0.024  
(n,2n) 0.002  0.002  

7Li 

(n,n’αt) -0.002  -0.002  
Tot. 0.031 0.04-0.12** 0.021 0.04-0.13**

El. 0.037  0.027  
Inel. -0.002  -0.002  

12C 

(n,α) -0.004  -0.004  
Tot. 0.052  0.030  
El. 0.082  0.061  

Inel. -0.008  -0.009  
16O 

(n,p) -0.004  -0.004  
 (n,α) -0.016  -0.017  

Δ represents the calculational uncertainty. The estimations are based on the covariance matrices taken from: 
*  EFF-3 
** EFF-2 
#  ENDF/B-V 
## ENDF/B-VI.8 
+   IRDF-90.2 

3 CONCLUSIONS 

Benchmark experiments, like those performed within the EFF programme, were shown 
in the past to play an essential role in the validation of calculational tools and nuclear data, 
particularly when investigating new concepts, designs and nuclear data evaluations. It was 
furthermore shown that in order to fully benefit from the measured results, the analysis of the 
benchmark should include not only the particle transport analysis and comparison with the 
measurement, but also the sensitivity and uncertainty analysis. Such studies, although more 
demanding, provide considerably wider information, like that on the representativity of a 
benchmark with respect to the actual design and can help to improve the nuclear data 
evaluations. 

The Helium-Cooled Pebble Bed (HCPB) Test Blanket Module Mock-up Experiment 
performed at the FNG facility in Frascati in 2005 was analysed using the deterministic code 
system based on the DORT and TORT particle transport codes, and the SUSD3D code for the 
cross section sensitivity and uncertainty analysis. The multigroup cross section data were 
taken from the FENDL-2 library as well as from the EFF-3 cross section evaluation. The 
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covariance matrices developed in the frame of the EFF project were used. Sensitivity profiles 
and nuclear data uncertainties of the 6Li(n,t) reaction rate with respect to the cross-sections of 
9Be, 6Li, 7Li, O and C were determined at different positions in the experimental block. 

The neutron transport calculations were performed at first with the 2-dimensional 
discrete ordinates transport code DORT and recently with the 3-dimensional TORT and the 
newly received GRTUNCL-3D utility code. The results of the transport calculations were 
compared with those presented in [6] obtained by the Monte Carlo code MCNP. The main 
conclusions of this study are the following: 
- DORT/GRTUNCL as well as TORT/GRTUNCL-3D results are consistent with the 

MCNP Monte Carlo calculations using continuous cross section data.  
- 6Li(n,t) reaction rate is most sensitive to the 9Be elastic, (n,2n) and 6Li(n,αt) cross 

sections. Important, but less that the above, are the 9Be (n,t) and (n,α), 7Li elastic, 16O and 
12C cross-sections. 

- According to the EFF-3 covariance data the uncertainties in the tritium production rate 
are low, below 2%. The ENDF/B-V covariances give the uncertainty of about 5 %. 

- Alternative experimental configurations were studied, in particular a possible variation of 
the ceramic layers positioning. They were found to offer some advantages compared to 
the reference design since covering wider range of neutron spectra in ITER. Nevertheless 
they were not retained due to some practical problems (detector positioning and sizes) 
these modifications would introduce.  

Some improvements and further development of the SUSD3D cross-section sensitivity 
and uncertainty code were done in particular in order to facilitate the pre and post-processing. 
New post-processing facilities were developed as part of the SUSD3D system for more 
convenient plotting of sensitivity profiles. 

When available (expected to be soon) the calculations based on the 3-dimensional 
TORT/GRTUNCL-3D code system will be compared with the measurements.  
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