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ABSTRACT 

The Helium-Cooled Pebble Bed (HCPB) Breeder Blanket mock-up benchmark 
experiment was analysed using the deterministic transport, sensitivity and uncertainty code 
system in order to determine the Tritium Production Rate (TPR) in the ceramic breeder and 
the neutron reaction rates in beryllium, both nominal values and the corresponding 
uncertainties. The experiment, performed in 2005 to validate the HCPB concept, consists of a 
metallic beryllium set-up with two double layers of breeder material (Li2CO3 powder). The 
reaction rate measurements include the Li2CO3 pellets for the tritium breeding monitoring and 
activation foils, inserted at several axial and lateral locations in the block.  

In addition to the well established and validated procedure based on the 2-dimensional 
(2D) code DORT, a new approach for the 3D modelling was validated based on the 
TORT/GRTUNCL3D transport codes. The SUSD3D code, also in 3D geometry, was used for 
the cross-section sensitivity and uncertainty calculations. These studies are useful for the 
interpretation of the experimental measurements, in particular to assess the uncertainties 
linked to the basic nuclear data. 

The TPR, the neutron activation rates and the associated uncertainties were determined 
using the EFF-3.0 9Be nuclear cross section and covariance data, and compared with those 
from other evaluations, like FENDL-2.1. Sensitivity profiles and nuclear data uncertainties of 
the TPR and detector reaction rates with respect to the cross-sections of 9Be, 6Li, 7Li, O and C 
were determined at different positions in the experimental block.  

 

1 INTRODUCTION 

ITER is an international project to design, construct and operate an experimental fusion 
tokamak reactor. The reaction used in ITER will be the one between deuterium and tritium. 
Whereas deuterium can be readily obtained from water, a fusion power-producing reactor will 
be required to breed all of its own tritium. This will be achieved using the breeding blanket 
containing lithium, which transmutes into tritium following the reactions 6Li(n,t)4He and 
7Li(n,nt)4He. The tritium is then removed from the blanket and recycled into the plasma as 
fuel. The blanket, the component that surrounds the plasma, absorbs heat, radiation and 
neutrons from the plasma, and converts the nuclear energy of the neutrons into thermal 
energy. The blanket system also serves to protect the vacuum vessel and the superconducting 
magnets outside the vessel. 

At the first stage of ITER operation, the tritium fuel will be obtained from outside 
sources, and a simpler, non-breeding blanket will be installed, which provides only the 
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shielding and energy-removal functions of the blanket. Although the tritium self-sufficiency 
will not be achieved, several full scale Test Blanket Modules (TBM) will be tested. A mock-
up of a TBM Helium Cooled Pebble Bed (HCPB) concept was therefore performed in 2005 at 
the ENEA Frascati 14 MeV Neutron Generator (FNG) [1, 2] with the objective to validate the 
neutronics codes and nuclear data required for the design of the TBM. A similar benchmark 
experiment concerning the Helium Cooled Lithium Lead (HCLL) concept is in preparation 
and planned for next year. The experiments should in particular determine the state-of-the-art 
of the JEFF-3 nuclear data files for the use in the fusion reactor applications, in particular the 
beryllium cross-sections and the tritium breeding performance.  

The measurements were performed by ENEA, TUD/VKTA and JAEA. ENEA, FzK, 
TUD and IJS participated in the analysis. The descriptions of these experiments will be 
integrated in the SINBAD database available from the OECD/NEA Data Bank. 

Pre-analysis for the preparation of this experiment was presented at the Bled conference 
last year [3]. The cross section sensitivity and uncertainty analyses were performed using the 
SUSD3D [4] 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 [5] and others. 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 [6], as well as for the validation of the Monte Carlo (MC) sensitivity and 
uncertainty code MCSEN [7]. The present HCPB benchmark was also analysed using the 
MCNP and MCSEN codes. The comparison of the deterministic and MC sensitivity and 
uncertainty results is presented in [8]. 

2 HCPB BREEDER BLANKET MOCK-UP 

The HCPB TBM mock-up which was irradiated in the 14 MeV FNG facility in 2005 is 
described in [1] 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 rear box is also 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. 
The breeder material contains natural lithium, i.e. with 7.5 wt.% 6Li, 92.5 wt.% 7Li. For 

the ITER TBM design the use of Li4SiO4 or Li2TiO3 with enriched Li is considered. 
Neutron spectra, tritium production rates (TPR) and detector foil activations were 

measured at several positions in the experimental block. Tritium production was measured 
using the 6Li(n,t) and 7Li(n,t) reactions, covering respectively fast ant thermal neutron 
energies. The detectors were placed in the removable tubes at four positions along the central 
beam axes of the block at y=4.2, 10.5, 16.8 and 23.1 cm from the front surface of the mock-
up. Altogether 16 measurement positions were available. 
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Detector positions:
A: y = 4.2 cm 
B: y = 10.5 cm 
C: y = 15.7 cm 
D: y = 23.1 cm 
1, 4: z = ±4.75 cm 
2, 3: z = ±3.45 cm  

Fig. 1: Mock-up of the TBM Experiment 

 
 
 

LIST OF COMPUTATIONAL TOOLS & MODEL USED: 
Computer Codes (Discrete ordinates) 

• First collision source code GRTUNCL and 2D SN transport code DORT (S16, P5, geometry 
approximated in R-Z with 30 R and 52 Z intervals) 

• SUSD3D sensitivity and uncertainty package 
• TORT/GRTUNCL-3D (S16, P5, geometry exactly modeled in X-Y-Z with 25 X, 18 Y and 51 Z 

intervals) 
Nuclear Data 
• FENDL-2, FENDL-2.1 and EFF-3.0 175-group self-shielded cross-sections, processed using 

NJOY/TRANSX  
• Response functions: IRDF-2002 (6Li (n,t), 27Al(n,α), 58Ni(n,p), 93Nb(n,2n) and 197Au(n,γ)), JEF-2.2 

(7Li(n,t)) 
• Covariance matrices: EFF-3 (9Be), IRDF-90 (6Li), ENDF/B-VI.8 (7Li), JENDL-3.3 (16O), ZZ-

VITAMIN-J/COVA (9Be, 12C, 7Li, 6Li) 
Calculated quantities: 

6Li(n,t), 7Li(n,t) reaction rates in Li2CO3 pellets 
27Al(n,α), 58Ni(n,p), 93Nb(n,2n) and 197Au(n,γ) reaction rates at 4 positions in the central line in Be. 
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2.1 Discrete Ordinates transport calculations 

Two discrete ordinates (SN) codes were used in the analyses, DORT and TORT, both 
part of the DOORS package [5]. To avoid ray effects due to the neutron source located in air, 
a low-scattering media, the first collision source approach implemented in the auxiliary codes 
GRTUNCL and GRTUNCL-3D [9], was used.  

The geometry includes layers of breeder material and their exact description requires 
detailed 3D modelling using codes like TORT. The experimental model was described both in 
a simplified 2D cylindrical geometry using the DORT code, with the breeder layers 
approximated by cylinders with equivalent radii (i.e. cylinders centred at radii of 5.9 and 7.2 
cm, corresponding respectively to the detector positions 2 and 1 in Figure 1), as well as in the 
exact 3-dimensional geometry using the TORT code. The comparison of the two approaches 
served as a test of the newly implemented 3D methodology. Some simplifications and 
differences comparing to the actual experimental design may exist due to the difficulties in 
reading the geometrical description from the complex MCNP input file. 

The DORT model included 30 radial and 52 axial intervals, i.e. the total of 1560 
mashes. TORT model consisted of altogether 22950 mashes (25 in x, 18 in y and 51 in z 
direction). S16/P5 approximations were found to be required for these calculations. The 
analyses were performed in the VITAMIN-J 175-energy group structure using the standard 
fusion libraries FENDL-2 and FENDL-2.1, as well as the 9Be data from the EFF-3.0 
evaluation. In the FENDL-2 and -2.1 libraries the 9Be data are taken from the JENDL, and the 
ENDF/B-VI.8 evaluations, respectively. The libraries contain the cross section data in the 
multigroup MATXS format at several temperatures and background cross sections. The 
TRANSX-2 code system [10] was used to produce the multigroup self-shielded problem 
specific cross sections for the radiation transport codes. The response functions were taken 
from the libraries IRDF-2002 [11] (6Li(n,t) and activation foil reactions) and JEF-2.2 (7Li(n,t) 
reaction). Thin foils were used, therefore the infinite diluted detector cross sections were 
considered adequate, except for the gold foils (0.03 mm) requiring self-shielding correction.  

3 RESULTS 

3.1 Results of transport calculations 

Energy ranges covered by the different detectors are shown in Fig. 2 in terms of the so-
called direct sensitivity component (sensitivity to the detector response functions), calculated 
by the SUSD3D code. 

The results of the TORT computational model for the detector reaction rates and the 
TBR in 6Li and 7Li are presented in Tables 1 to 3. Good consistency was found between the 
DORT and TORT results, as well as with the measured reaction rates (within 5-10 % for the 
reaction rates) which is considered reasonably good, in particular taking into account the 
geometrical simplifications in DORT. 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. 

The differences between the libraries were found to be in general within few %. 
Exception is the 58Ni(n,p) differing by up to 8 % between calculations using EFF-3.0 and 
ENDL-B/VI.8 9Be data. Some differences were observed also for the 7Li(n,t) reaction rates. 
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Figure 2. Sensitivity of the threshold detectors reaction rates to the response function, 

indicating the energy ranges covered by the detectors. 
 

Table 1: Contribution of the uncollided and the first collision neutrons to the total reaction 
rates at different positions in the experimental block. 

TORT/FENDL-2.1: S-16,P5 
Uncollided and 1st collision contribution 

Position-
cm 

27Al(n,α) 58Ni(n,p) 93Nb(n,2n) 197Au(n,γ) 6+7Li(n,t) 

4.2 52.8% 33.7% 57.7% 0.0% 16.6% 
10.5 25.3% 12.3% 29.8% 0.0% 2.4% 
16.8 13.4% 5.4% 16.9% 0.0% 0.6% 
23.1 7.5% 2.6% 10.0% 0.0% 0.2% 

 
Table 2: C/E values obtained using the FENDL-2.1 library replacing 9Be data with those from 

EFF-3.0. 
C/E 

Y(cm) 27Al(n,α) 58Ni(n,p) 93Nb(n,2n) 197Au(n,γ) 
~4.2 (A) 1.06 1.00 1.01 1.03 

~10.5 (B) 1.05 0.98 0.99 1.02 
~16.8 (C) 1.02 0.91 0.99 1.05 
~23.1 (D) 0.99 0.94 1.01 1.10 
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Table 3: C/E values obtained using the FENDL-2.1 cross sections. 

C/E 
Y(cm) 27Al(n,α) 58Ni(n,p) 93Nb(n,2n) 197Au(n,γ) 

~4.2 (A) 1.06 1.03 1.01 1.04 
~10.5 (B) 1.05 1.03 0.98 1.03 
~16.8 (C) 1.03 0.97 0.97 1.07 
~23.1 (D) 1.00 1.02 0.99 1.12 

 

3.2 SUSD3D sensitivity and uncertainty analysis 

The sensitivities of the reaction rates with respect to the variations of the nuclear 
transport cross sections and the response functions were studied using the SUSD3D code [4]. 
For these analyses the transport calculations both in the forward and adjoint mode were 
performed first by the DORT and TORT codes. The adjoint calculations were done using the 
same geometrical model as for the forward calculation, but with an adjoint source, equal to 
the detector response functions.  

The energy integrated sensitivities are presented in Table 4, and the corresponding 
uncertainties in Table 5. Covariance matrices needed to estimate the uncertainties from the 
calculated sensitivities, were taken from different origin [12, 13] (see page 103.3). After some 
modifications in the SUSD3D code to tread explicitly the uncollided and first collision source 
from GRTUNCL3D (not included in the file produced by TORT) very good consistency was 
obtained between the results based on the DORT and TORT flux files (see Fig. 3). The main 
conclusions of the study are the following: 
• 6Li(n,t) All reaction rates and TPR are the most sensitive to the 9Be elastic, (n,2n), and 

6Li(n,αt), cross sections. Relevant are also the 9Be (n,t) and (n,α), 7Li, 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.  

 

Sensitivity to Be-9(n,2n) cross sections calculated from DORT and 
TORT flux files (detector position D4)
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Fig. 3: Sensitivity profiles calculated from the DORT and TORT flux files (position D4 

corresponds to Y=23.1 cm). 
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Table 4: Energy integrated sensitivity of 6+7Li(n,t) (TPR) and detector reaction rates (RR) to 
cross-sections (in units of % change in TPR/RR per 1% change of cross sections) calculated 

using 2D (DORT/SUSD3D) and 3D (TORT/SUSD3D) codes. Important reactions are in bold. 

Sensitivity (%/%)                                  2D (3D) 
TPR TPR 197Au(n,γ) 27Al(n,α) 58Ni(n,p) 93Nb(n,2n)Elem. Reaction 

Y=23.1 cm Y=4.2 cm Y=23.1 cm Y=23.1 cm Y=23.1 cm Y=23.1 cm
Tot 1.990 (1.949) 2.223 1.900 

(1.820)
-1.254 -0.833 -1.414  

(-1.482)
El. 1.401 (1.392) 1.677 1.273 

(1.318)
-0.267 -0.165 -0.361   

(-0.389)
(n,2n) 0.662 (0.624) 0.592 0.690 

(0.551)
-0.921 -0.584 -0.989   

(-1.025)
(n,t) -0.017(-0.018) -0.012 -0.017   

(-0.008) 
-0.039 -0.030 -0.042   

(-0.045) 

9Be 

(n,α) -0.046(-0.043) -0.028 -0.046   
(-0.040) 

-0.026 -0.053 -0.022   
(-0.022) 

(n,αt) 0.133 (0.288) 0.224 -0.277  
(-0.276)

   
6Li 

Inel.     -0.002  
El. 0.018 (0.028) 0.018 0.017  0.005  

(n,2n) 0.001 (0.001) 0.001 0.001  -0.002  
Inel. 0.001(0.001) 0.001  0.001  -0.001  

7Li 

(n,n'αt) 0.028 (0.032) 0.244   -0.014  
Tot. 0.021      
El. 0.024      

Inel. -0.001      
12C 

(n,α) -0.002      
Tot. 0.041      
El. 0.058      

Inel. -0.006      
16O 

(n,p) -0.002      
 (n,α) -0.008      

 
Table 5: Uncertainties in the calculated reaction rates and TPR due to the uncertainties in the 

underlying cross-sections. 

  Calculational uncertainty (%)     2D (3D) 

Elem. Reaction / TPR TPR 27Al(n,α) 197Au(n,γ) 58Ni(n,p) 93Nb(n,2n) 
 position Y=4.2 cm Y=23.1 cm Y=23.1 cm Y=23.1 cm Y=23.1 cm Y=23.1 cm 

EFF-3 2.2 2.1 3.0 2.1 (1.5) 1.3 3.5 (4.0) 9Be ENDF/B-V 5.6 5.4 8.6 5.3 (4.5) 3.6 10.4 (11.2)
6Li IRDF90 MT105 

ENDF/B-VMT2,105

0.04  
0.12 

0.02 

0.06 
 0.04 

0.12 
0.002 

0.004 
< 0.01 

VitaminJ/cova 1.0   0.1   7Li 
ENDF/B-VI.8 0.3 0.1  0.05  0.09 

12C VitaminJ/cova  0.02-0.2$     
16O JENDL3.3  0.2     
• $ depending on partial reaction covariances used 
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The sensitivity profiles provide also an explanation for the differences observed in the 

58Ni(n,p) reaction rates between the EFF-3.0 and the ENDF/B-VI.8 cross sections. 58Ni(n,p) 
reaction rates are the only of the three threshold detectors sensitive to the 9Be (n,2n) reaction 
below ~7 MeV. In this energy range the EFF-3.0 (n,2n) cross sections are indeed higher than 
those in ENDF/B-VI.8 and showing some oscillations. Better agreement of the FENDL-2.1 
data with the measurements seems to suggest that the oscillations observed in the EFF-3.0 
(n,2n) cross sections may not be physical. 

197Au(n,γ) reaction rate and the TPR in Li are likewise sensitive to the 9Be (n,2n) cross 
sections in the ~3 to 8 MeV energy range. The sensitivity being positive, this should lead to 
higher TPR calculated by EFF-3.0 as compared to FENDL-2.1. The positive sensitivity to the 
9Be elastic cross section, together with the lower values in EFF-3.0 than in FENDL-2.1 
(=ENDF/B-VI.8) in the 0.1 MeV energy range, seems on the other hand to compensate this 
effect, leading to a rather good agreement in TPR for this particular experimental 
configuration. Note that the differences of the order of 5% were observed in TPR between the 
two libraries in the pre-analysis of this experiment, where the material concentrations and 
geometrical configuration were slightly different. 

 

4 CONCLUSIONS 

The HCPB Breeder Blanket Module Neutronics Experiment 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 libraries FENDL-2.1, EFF-3.0 and IRDF-2002 as well as the covariance matrices 
developed in the frame of the EFF project were used in this study. Sensitivity profiles and 
nuclear data uncertainties of the TPR and the detector reaction rates with respect to the cross-
sections of 9Be, 6Li, 7Li, O and C were determined at different positions in the experimental 
block. 

Simultaneous 2D and 3D neutron transport calculations permitted to test the newly 
implemented 3D calculation code system TORT/GRTUNCL-3D/SUSD3D for the transport, 
sensitivity and uncertainty analysis against the well established 2D procedure. With some 
required adaptations which were introduced to the original version the 3D capability is now 
fully functional.  

The main conclusions of this analysis are the following: 
• DORT/GRTUNCL as well as TORT/GRTUNCL-3D results are consistent with the 

measurements.  
• TPR and detector reaction rate is most sensitive to the 9Be elastic, (n,2n) and 6Li(n, αt) 

cross sections. Relevant are also the 9Be (n,t) and (n,α), 7Li elastic, 16O and 12C cross-
sections. 

• According to EFF-3 covariance data the uncertainties in the tritium production rate are 
low, ~ 2%. The ENDF/B-V covariances give the uncertainty of about 5 %. On the other 
hand the differences between the EFF-3.0 and ENDF/B-VI.8 or JENDL-3.3 9Be cross 
section evaluations at some energy ranges exceed 2σ uncertainty interval of the EFF-3.0 
covariance matrices which could indicate either possible underestimation of the 
covariance matrices or a presence of potential problems/errors in the evaluations at 
some energies. 

The sensitivity profiles provide also an explanation for the differences observed in the 
58Ni(n,p) reaction rates between calculations using the EFF-3.0 and the ENDF/B-VI.8 cross 
sections. 58Ni(n,p) reaction rates are the only of the three threshold detectors sensitive to the 
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9Be (n,2n) reaction below ~7 MeV, where the EFF-3.0 cross sections are higher than those in 
the ENDF/B-VI.8. The sensitivity is negative which explains the lower Ni reaction rates 
calculated using the EFF-3.0 data. The better agreement with the measurements for the 
FENDL-2.1 data seems to suggest that the oscillations observed in the EFF-3.0 (n,2n) cross 
sections may not be physical. 

197Au(n,γ) reaction rate and the TPR in Li are likewise sensitive to the 9Be (n,2n) cross 
sections in the ~3 to 8 MeV energy range. The sensitivity being positive, this should lead to 
higher TPR calculated by EFF-3.0 as compared to FENDL-2.1. The positive sensitivity to the 
9Be elastic cross section, together with the lower values in EFF-3.0 than in FENDL-
2.1/ENDF/B-VI.8 in the 0.1 MeV energy range, seems on the other hand to compensate this 
effect, leading to a rather good agreement in TPR for this particular experimental 
configuration. 
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