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ABSTRACT 

The paper presents the results of the pre-analysis of the Copper Benchmark experiment 

to be performed at the 14-MeV Deuterium-Tritium Frascati neutron generator (FNG) of 

ENEA Frascati. The objective of the benchmark is to provide the experimental database 

required for the validation of the European nuclear data libraries JEFF, with the focus on the 

experimental validation of ITER design calculations, including the related uncertainties. The 

pre-analysis includes the simulation of the planned copper integral benchmark experiment in 

order to determine the sensitivity of the reaction rates to be measured in the mock-up to the 

underlying cross sections, and the associated uncertainties. This permits to optimize the 

geometry, the detector positions and the choice of activation reactions, and in the post-

analysis phase to interpret the results of the measurements and the calculations and to 

conclude on the quality of available nuclear data, such as the recent JEFF evaluations. The 

pre-analysis was accomplished by means of cross-section sensitivity and uncertainty analysis 

using the deterministic code SUSD3D (at JSI) and the Monte Carlo code MCSEN5 (at KIT). 

Cumulative reaction rate integrals, their sensitivity to the cross sections, as well as the 

uncertainties were estimated for selected detector working positions in the copper block, in 

particular for deep penetrations. 

1 INTRODUCTION 

At the Frascati neutron generator (FNG) of ENEA Frascati a copper mock-up will be 

irradiated in 2014 with 14 MeV neutrons. The objective of the benchmark is to provide the 

experimental data base required for the validation of the European nuclear data libraries JEFF, 

with the focus on the experimental validation of ITER design calculations, including the 

related uncertainties.  

The planned Copper mock-up consists of a block of copper with a cross-sectional area 

of 60 cm x 60 cm and a depth of 70 cm (Fig. 1). Several detectors will be introduced at 7 to 8 
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locations up to about 60 cm in the block. In addition to those originally planned also the Mn 

and Cu reactions as possible candidates for fast and thermal neutron spectra monitoring were 

studied in the pre-analysis. 

 
Figure 1: Geometry of the Copper Benchmark experiment 

The Copper benchmark is the last in the series of benchmarks performed at FNG in the 

scope of the EC fusion activity since the 1990’s, such as FNG Bulk Shield benchmark, FNG 

Streaming, FNG SiC, FNG Tungsten, FNG-HCPB tritium breeding module, and FNG-HCLL 

tritium breeding module. Like these previous benchmarks, also the preparation of the FNG-

Cu experiment started with the pre-analyses which have been performed both by deterministic 

and Monte Carlo codes [1]. 

The pre-analysis includes the simulation of the planned copper integral benchmark 

experiment in order to determine the sensitivity of the reaction rates to be measured in the 

mock-up to the underlying cross sections, and the associated uncertainties. This permits to 

optimize the geometry, the detector positions and the choice of activation reactions, and in the 

post-analysis phase to interpret the results of the measurements and the calculations and to 

conclude on the quality of available nuclear data, such as the recent JEFF evaluations.  

The pre-analysis was accomplished by means of cross-section sensitivity and 

uncertainty analysis using the deterministic code SUSD3D (at JSI) and the Monte Carlo code 

MCSEN5 (at KIT). Cumulative reaction rate integrals, their sensitivity to the cross sections, 

as well as the uncertainties were estimated for selected detector working positions in the 

copper block, in particular for deep penetrations. 

2 DETERMINISTIC SENSITIVITY – UNCERTAINTY ANALYSIS (SUSD3D) 

The pre-analysis presented here is accomplished by means of cross-section sensitivity 

and uncertainty analysis using the deterministic SUSD3D [2,3] code. Cumulative reaction rate 

integrals, their sensitivity to the underlying cross sections, as well as the uncertainties were 

estimated for selected detector working positions in the copper block, in particular for deep 

penetrations. 

Computer codes used in this study are the following 

 DORT [4] discrete ordinate transport code (RZ geometry, S16, P5 approximations), 
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 First collision source code GRTUNCL [4], 

 SUSD3D [2, 3] cross section sensitivity-uncertainty code package, 

 TRANSX [5] nuclear cross section processing code, 

 NJOY-99 [6] cross-section and covariance data processing code. 

Nuclear data: 

 FENDL-2.1 [7] 175-group transport cross-sections,  

 IRDF-2002 [8] and IRDFF [9] dosimetry cross-sections and corresponding covariances,   

 TENDL-2013 [10], ENDF/B-VI.8 and SCALE-6 [11] covariance data for copper cross-

sections. 

2.1 Neutron transport calculations 

The cross section sensitivity and uncertainty calculations were performed using the 

SUSD3D [2,3] code, which requires as input quantities the direct and adjoint angular moment 

fluxes calculated by the Discrete ordinates codes (DORT [4] in this case), as well as the 

transport cross sections and covariance matrices for the relevant materials and reactions. 

Based on the previous analysis of the FNG benchmarks good consistency between the two-

dimensional (2D) and three-dimensional (3D) calculations was observed for most cases [12, 

13], therefore a simplified, but representative 2D geometrical model was developed for the 

sensitivity and uncertainty analysis. In the 2D DORT model the copper block is approximated 

by a cylinder with the equivalent radius of 33.86 cm and the height of 70 cm. The density of 

copper was assumed to be 8.96 g/cm3. At this stage of the analysis the dosimeters were not 

explicitly included in the model. The GRTUNCL [4] code was used to mitigate the ray 

effects. Consistent with the past experience the S16 and P5 approximations were adopted for 

the transport calculations. Nuclear cross-section data were taken from FENDL-2.1 [7] 

available in the 175 VITAMIN-J energy group structure and processed by the TRANSX code 

[5]. The response functions were taken from IRDF-2002 [8] and IRDFF [9]. 

The distribution of the reaction rates within the copper block is shown in Figure 2. 
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Figure 2: Distribution of the reaction rates in the copper block for the selected detector 

reactions. For 186W unshielded detector response was used and for gold 0.03 mm thick 

samples were assumed. 

2.2 SUSD3D cross-section sensitivity analysis 

The sensitivities of the reaction rates with respect to variations of the nuclear reaction 

cross sections were studied using the SUSD3D code [2,3] and the direct and adjoint angular 

flux moments calculated by the DORT transport code. Sensitivity profiles were calculated at 

different positions, from ~21 cm to ~58 cm in the copper block.  

The energy integrated sensitivities of few typical reaction rates with respect to major 
63Cu and 65Cu partial cross-sections are presented in Figure 3 for different positions in the 

block, comparing SUSD3D and MCSEN results. First of all, with few exceptions (196Au(n,) 

sensitivity to the Cu elastic cross-sections) very good consistency between the SUSD3D and 

MCSEN results can be observed. We can see that the sensitivities to Cu cross sections are 

relatively high, above 1% of change in reaction rate per 1% of the change in the cross 

sections. The thermal reactions (196Au, 186W as well as the additionally proposed 55Mn) are 

most sensitive to the elastic scattering and (n,) capture reaction in Cu isotopes. For fast 

threshold reactions the most significant reactions in Cu are inelastic scattering, (n,2n) and 

(n,np), but also the elastic, (n,p) and (n,) cross sections of Cu are important. The third of 

reaction rates (115In, 58Ni(n,p)), covering intermediate energy range, are in particular sensitive 

to inelastic, elastic scattering, (n,2n) and (n,np) reaction cross sections. 

2.3 Covariance matrices and uncertainty analysis 

Among the recent nuclear data evaluations only TENDL-2013 [10] includes copper 

covariances with the cross-section data. No covariance information is available in ENDF/B-

VII.1, JELDL-4.0 and JEFF-3.2. On the other hand they are available in older evaluations 

such as ENDF/B-VI.8 and SCALE-6.0 libraries. Since the last two are in fact of the same 

origin we actually dispose of two independent sets of uncertainty data. Covariances were also 
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available in previous TENDL evaluations permitting some additional comparisons. SCALE-6 

data (available in the library ZZ-SCALE6.0/COVA-44G [11]) is given in 44 energy groups 

and was primarily developed for thermal reactor studies. As such it was found not to be 

suitable for this particular application. The ENDF/B-VI.8, TENDL-2013 and TENDL-2010 

covariance data were processed with NJOY-99 [12]. 

Important differences can be observed among these evaluations. Availability and the 

quality of the covariance information is therefore a week point of this uncertainty analysis. It 

is further assumed here that the relative (not absolute) covariances taken from the above data 

evaluation can also be applied to other evaluations of the same isotopes (in this case FENDL-

2.1). If this is done judiciously for cases in which the nuclear data evaluations are similar and 

based on similar experimental data, then the covariances taken from one source should be a 

reasonable representation of uncertainties for the other evaluations. However, this approach is 

in general not consistent and should be avoided as soon as the evaluation and availability of 

the covariances attains a reasonably mature state.  

As for the detector cross sections the situation is much better, both IRDF-2002 and 

IRDFF include the covariance files together with all the cross sections forming in this way a 

complete and consistent evaluation.  

Total uncertainties in the calculated reaction rates calculated using the SUSD3D code 

and based on various covariance matrix evaluations listed above are given in Table 1. Using 

the ENDF/B-VI.8, TENDL-2013, and TENDL-2010 covariance matrices, the uncertainties 

due to cross section uncertainties were estimated to be between 10 - 50 % (1), depending on 

the nuclear reaction and the covariance data used. According to these covariance data the 

reactions (n,2n), (n,np), (n,), elastic and inelastic scattering on copper were found to cause 

the highest uncertainty. 

Large differences between the uncertainty predictions based on different covariance 

data libraries were observed. As a reference can be considered the results based on the 

covariance data taken from the ENDF/B-VI.8 and TENDL-2013 for the transport, and from 

IRDFF for the dosimetry reactions.Whereas for thermal and epi-thermal reaction rates a 

reasonable agreement is observed between the uncertainties based on different covariance 

matrices, this is not the case for fast reactions where typically the TENDL-2013 predictions 

are by a factor of ~2 higher than those based on ENDF/B-VI.8. These differences are mainly 

due to the differences in the (n,2n), (n,np) and inelastic cross-section covariance matrices 

between the two evaluations. 
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Table 1: Uncertainty in the calculated reaction rates due to the uncertainty in Copper cross 

sections using various covariance matrix evaluations and detector response functions. 

SUSD3D results based on the DORT 2D neutron fluxes (D6=30.85 cm, D8=51.415 cm, 

D9=57.915 cm). 

 

Reaction rate /  

 

det. position 

Uncertainty  (%) 

Transport cross-section Detector resp.f. 

TENDL-2013 TENDL-2010 ENDF/B-VI.8 IRDFF (IRDF-2002) 

197Au(n,) D6 18.9 11.1 19.1 0.2 

                D8 20.6 11.9 20.4 0.2 

                 D9 20.3 11.7 20.0 0.2 

186W(n,) D6 30.4 16.5 29.7 2.9 

               D9 27.9 14.9 28.0 3.8 

115In(n,n’) D6 9.5 4.6 5.3 2.1 

                       D8 19.4 10.0 12.1 2.2 

58Ni(n,p) D6 17.7 8.4 6.3 1.3 (6.0) 

               D9 39.2 19.4 16.6 1.3 (6.0) 

58Ni(n,2n) D6 24.1 12.7 12.7 2.1 

               D8 43.7 23.2 22.5 1.7 

                D9 50.1 26.6 25.7 1.7 

27Al(n,) D8 42.2 21.8 18.9 0.3 

93Nb(n,2n) D8 43.5 22.8 20.4 0.8 

63Cu(n,) D6 23.3 11.8 10.1 1.1 

                 D9 47.8 24.8 21.4 1.1 

63Cu(n,2n) D9 50.1 26.4 24.2 1.5 

65Cu(n,2n) D9 50.3 26.6 25.4 1.5 

55Mn(n,) D6 17.7 10.0 21.7 4.9 (42) 

                D9 14.0 8.5 17.7 4.7 (28) 
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Figure 3: Comparison of energy integrated sensitivity of the 58Ni(n,p), 58Ni(n,2n) and 196Au(n,) 

reaction rate to the 63Cu and 64Cu cross-sections as a function of Cu block thickness. 

 

3 MONTE-CARLO BASED SENSITIVITY ANALYSIS 

For the Monte Carlo based sensitivity analysis the recent MCSEN5 code [14] has been 

used together with JEFF-3.1.1 nuclear cross-section data [15]. MCSEN5 has been developed 

at KIT as extension to the MCNP5 Monte Carlo code [16] to enable probabilistic sensitivity 

analyses using the same geometry model as in the Monte Carlo transport calculations. The 

executable for the present analysis was built on the basis of version MCNP5-1.40 together 

with the DT source subroutine developed by ENEA for the Frascati Neutron Generator 

(FNG). The MCNP geometry model of the Cu assembly, prepared by ENEA for the pre-
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analysis, was used in the MCSEN5 calculations, although surface tallies were utilized instead 

of the cell detectors defined in the original geometry so as to improve the statistical accuracy 

in the sensitivity calculations. Sensitivities were calculated for the responses to be measured 

in the experiment, i.e. reaction rates of several activation foils (Al, Ni, In, W and Au) and 

neutron and photon flux spectra. Integrated relative sensitivities and sensitivity (energy) 

profiles with respect to major reactions (elastic and inelastic scattering channels, (n,2n) 

reaction, and some gas-production reactions) were calculated for each reaction rate at each 

measuring point. The same quantities were estimated for the neutron/photon fluxes integrated 

in five energy intervals at several measuring points. The results show that the reaction rates of 

the threshold detectors (Al, Ni, and In) are sensitive to the inelastic scattering, 63,65Cu (n,2n) 

and 63Cu (n,n’p) cross sections. The Au and W (n,) reactions are mostly sensitive to the 

elastic scattering cross sections and the (n,) reaction cross sections in the low energy range. 

Other contributions are not significant. The results for the neutron fluxes are very consistent 

with those of the reaction rates of activation foils. Fig. 4 shows, as an example, the radial 

sensitivity profiles for the total neutron flux density to the most important 63,65Cu reaction 

cross-sections.  

 

 

0 10 20 30 40 50 60 70

-2

-1

0

1

63
Cu

R
e
la

ti
v
e
 s

e
n
s
it
iv

it
y
 (

%
/%

)

Depth in the assembly (cm)

 MT=2

 MT=16

 MT=51-72

 MT=91

 MT=103

 MT=107

 MT=28

 MT=102
Neuton flux (total)

 

 

0 10 20 30 40 50 60 70

-2

-1

0

1

65
Cu

R
e

la
ti
v
e

 s
e

n
s
it
iv

it
y
 (

%
/%

)

Depth in the assembly (cm)

 MT=2

 MT=16

 MT=51-63

 MT=91

 MT=103

 MT=107

 MT=28

 MT=102 Neuton flux (total)

 
Fig. 4: Radial profiles of the energy-integrated sensitivity of the total neutron flux to the 

most important 63Cu (left) and 65Cu (right) reaction cross-sections in the copper assembly. 

 

4 CONCLUSIONS 

Both deterministic (DORT/GRTUNCL/SUSD3D) and Monte Carlo (MCSEN) 

computational codes were used in the analysis of the future FNG-Copper benchmark mock-

up. Very consistent results were obtained using both methods. 

The reaction rates were found rather strongly sensitive to the nuclear transport cross 

sections. Using the ENDF/B-VI.8, TENDL-2013, SCALE-6 and TENDL-2010 covariance 

matrices, the uncertainties due to cross section uncertainties were estimated to be between 10 

- 50 % (1), depending on the nuclear reaction and the covariance data used. Whereas for 

thermal and epi-thermal reaction rates a reasonable agreement is observed between the 

uncertainties based on different covariance matrices, this is not the case for fast reactions 

where typically the TENDL-2013 predictions are by a factor of ~2 higher than those based on 

ENDF/B-VI.8. According to the covariance data the reactions (n,2n), (n,np), (n,), elastic and 

inelastic scattering on Cu were found to cause the highest uncertainty.  
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It is therefore anticipated that the proposed benchmark experiment is likely to 

contribute importantly to the validation and improvement of the copper cross-section data. 

The measurements are in addition expected to contribute to resolve the differences in the 

covariance matrix evaluations. 

Additional reactions are proposed for the measurements, such as irradiating Mn foils. 

Measuring activation of the samples taken from the Cu block may be considered as well to 

obtain additional information and confirmation of other high energy reactions already 

planned. 
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