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Abstract

The 14 MeV Neutron Experiment on Tungsten carried out at the Frascati Neutron Generator (FNG) in 2002 was

analysed using deterministic computational tools, with a stress on the cross-section sensitivity analysis. The DORT

discrete ordinates (SN ) with FENDL-2 and JENDL-3.3 cross-section data, and the SUSD3D sensitivity and uncertainty

computer codes were used in the analysis. The sensitivity profiles of various reaction rates measured at four positions up

to 35 cm in the block of tungsten, and covering thermal to fast neutron energy range, with respect to all the partial as

well as the total cross-sections of tungsten were calculated using the SUSD3D code. Combined with the comparison of

the calculated and the measured reaction rates, the cross-section sensitivity profiles indicate areas where further eval-

uation work is needed. The results were compared with those obtained from the OKTAVIAN Tungsten Experiment

and FNS Clean Experiment on the Tungsten Cylindrical Assembly.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

The Neutron Experiment on tungsten was performed

at the Frascati Neutron Generator (FNG) in 2002 with

the objective of determining the state-of-the-art of the

tungsten nuclear data files for the use in fusion reactor

applications. This experiment complements the infor-

mation obtained from the OKTAVIAN Tungsten

Experiment and FNS Clean Experiment on Tungsten

Cylindrical Assembly.

The shielding block is made of layers of DENSI-

MET-180 and )176, containing 95.0 and 92.3 wt% of

tungsten, respectively. The block had the height of 46.85

cm, a width varying between 42 and 47 cm, and a

thickness of 49 cm. The 14 MeV FNG neutron source

was located 5.3 cm in front of the block. Several neutron

reaction rates, covering fast and thermal neutron ener-

gies, and gamma heating were measured at four posi-

tions along the central beam axes of the block, at

approximately 5, 15, 25 and 35 cm in the W block. The
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results of the experimental measurements as well as the

comparison with the MCNP-4C calculations are in-

cluded in [1].

This work was performed in the scope of the Euro-

pean Fusion Technology Programme of the EC and the

SINBAD project. The descriptions of the FNG, OK-

TAVIAN and FNS Tungsten benchmarks and the

analyses are available in the SINBAD database of the

OECD/NEA.
2. SN transport calculations

The present report demonstrates the analysis using

discrete ordinates (SN ) deterministic transport codes,

including the sensitivity and uncertainty analysis. The

DORT [2] SN , and the SUSD3D [3] sensitivity and

uncertainty computer codes were used in the analysis.

S16, P5 approximation and first collision source method

of the GRTUNCL code were applied in the DORT

calculations. The multigroup cross-sections were taken

from the FENDL-2 [4] and JENDL-3.3 [5] libraries, and

the detector response functions from the IRDF-90.2 [6]
ed.
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evaluation. For the 197Au(n,c) reaction, the self-shielded

detector response function was used, taking into account

the actual thickness of 0.05 mm of the detector foil. The

self-shielding was found to be very important, and re-

sults in a reduction of the calculated reaction rate by

almost a factor of 2 with respect to the infinite diluted

case.

The exact description of the geometry composed of

layers of DENSIMET-180 and )176 with slightly dif-

ferent shapes would require detailed 3D modelling using

codes like TORT or THREEDANT. As the uncollided

and first collision module for TORT (GRTUNCL-3D)

was not available the experimental model was described

in a slightly simplified, but representative 2-D cylindrical

geometry. The model included 33 radial and 75 axial

intervals.

The comparison of the measured and the calculated

neutron reaction rates at the four detector positions is

shown in Table 1. The DORT results are in excellent

agreement, within 5%, with the MCNP/4C calculations,

presented in [1]. Comparing the calculations with the

experiment it seems that the FENDL-2 library tends to

underestimate the fast neutron flux, by more than 20%

at the depth of 35 cm in W. 58Ni(n,p), 58In(n,n0) and
197Au(n,c), covering lower energies, are within 1–2r of

the experimental error bars. The situation is reversed for

the JENDL-3.3 data where good agreement was found

for the fast reactions, but for the epithermal and thermal

reactions the discrepancies are of about 20%.

These results are consistent with those obtained from

the OKTAVIAN Tungsten and FNS Clean Experiment

on Tungsten Cylindrical Assembly. Measured and cal-

culated spectra from the FNS Tungsten experiment are

shown in Fig. 1.
Fig. 1. Comparison of the measured and calculated spectra in

the FNS Tungsten experiment (38 cm in W). Calculations were

performed with MCNP4C code using the FENDL-2 and

JENDL-3.3 cross-sections. E=C ratios are shown.
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Fig. 4. Sensitivity of the 58Ni(n,p) reaction rate at deepest

detector position (35 cm) to the W cross-sections.
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3. Sensitivity (and uncertainty) analysis

The cross-section sensitivity and uncertainty analyses

were performed using the SUSD3D 3] code, which cal-

culates the sensitivity profiles from the direct and adjoint

angular moment fluxes obtained by the SN codes. The

code was widely used in the past in several EFF projects

(like FNG bulk shield and SiC benchmarks [7,8]), as well

as for fission reactor and benchmark analyses.

The sensitivity of the reaction rates with respect to

the variations of the nuclear transport cross-sections of

tungsten and the response functions were studied. The

sensitivities with respect to the detector response func-

tions are presented in Fig. 2, indicating the energy ran-

ges covered by the detectors. Examples of sensitivity

profiles with respect to the transport cross-sections of

tungsten are shown in Figs. 3–5 and the energy-inte-

grated sensitivities are presented in Table 2. These re-
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Fig. 5. Sensitivity of the 197Au(n,c) reaction rate at the deepest

detector position (35 cm) to the W cross-sections.
sults indicate that by far the most important cross-

section reaction on W in the fast energy range is (n,2n).

At lower energies, covered by the 58Ni(n,p) and
115In(n,n0) dosimetry reactions (above �2 MeV), the

inelastic and the elastic scattering become increasingly

important. The 197Au(n,c) and 55Mn(n,c) dosimetry

reactions are on the other hand predominantly sensitive

to the (n,c) reaction. Taking into account the observed

C=E values this gives indications on the reaction types

and energy ranges requiring further studies.

The uncertainty of a target quantity is determined by

folding the sensitivity profiles with the covariance

matrices, therefore both the information on the sensi-

tivity with respect to the basic parameters, as well as the

corresponding covariance matrices must be known. The

covariance information related to the detector response

functions was taken from the IRDF-90.2 evaluation. On

the other hand, no cross-section covariance data for

tungsten are available at present in any evaluation and

the complete uncertainty analysis was therefore not

possible.



Table 2

Integral sensitivities of the detector responses with respect to the tungsten cross-section, for the deepest position in the tungsten block

(35 cm)

Cross-section

reaction

Sensitivity (%/%)

93Nb(n,2n) 90Zr(n,2n) 27Al(n,a) 58Ni(n,p) 115In(n,n0) 197Au(n,c) 55Mn(n,c)

Total )4.52 )4.48 )4.52 )4.54 )4.42 )1.81 )1.58

Elastic )0.26 )0.28 )0.25 )0.30 )0.58 +0.01 +0.19

Inelastic )0.59 )0.65 )0.61 )1.34 )2.29 )0.06 +0.04

(n,2n) )3.55 )3.43 )3.53 )2.80 )1.41 )0.15 )0.13

(n,3n) )0.11 )0.12 )0.11 )0.09 )0.06 +0.006 +0.006

(n,c) )0.002 )0.002 )0.002 )0.011 )0.071 )1.60 )1.70

(n,p) )0.007 )0.007 )0.007 )0.006 )0.004 )0.002 )0.002

(n,d) )0.001 )0.001 )0.001 )0.001 )0.001 )4E)4 )3E)4

(n,a) )0.003 )0.003 )0.003 )0.002 )0.002 )8E)4 )8E)4
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The uncertainties in the reaction rates due to the

uncertainties in the detector response functions are given

in Table 1, together with the corresponding C=E values.

This already permits the high discrepancy in the
55Mn(n,c) reaction rates to be explained, which seems to

be due to the uncertainties in the resonance energies

between 1 and 100 keV of this response function in the

IRDF-90.2 evaluation. For the other reactions the

uncertainty is of the order of few percentage, up to 10%

for the 58Ni(n,p) reaction.
4. Conclusions

Confirming the previous experience from other FNG

benchmark experiment analyses [7,8] the DORT/GRT-

UNCL and SUSD3D transport, sensitivity and uncer-

tainty code system proved to be well established for this

type of transport analysis. The agreement between the

DORT and the MCNP results is better than 5%.

DORT (and MCNP) results indicate that FENDL-2

underestimates the fast neutron reaction rates (above �6

MeV), by 20–30% at the depth of 35 cm in tungsten.

Excellent agreement, within the experimental errors, was

obtained using the JENDL3.3 data. The most important

neutron reaction in this energy range in W was found to

be (n,2n), respectively 5-times and 10–15-times more

important than the inelastic and elastic cross-sections.

At lower energies, covered by the 58Ni(n,p) and
115In(n,n0) detectors (above �2 MeV), the inelastic and

elastic scattering become increasingly important. The
197Au(n,c) and 55Mn(n,c) reactions are on the other

hand predominantly sensitive to the (n,c) reaction. The
58 Ni(n,p), 115In(n,n0) and 197Au(n,c) reaction rates cal-

culated using FENDL2 agree with the measurements

within 1 r of the experimental error bars. JENDL-3.3 on

the other hand respectively under- and over-predicts the
115In(n,n0) and 197Au(n,c) reaction rates by over 20%.

High discrepancy was found in 55Mn(n,c) due to the
uncertainty in the IRDF-90.2 response function in the

resonance range.

Similar trends were observed from the analysis of the

OKTAVIAN and FNS W benchmarks.

Due to the lack of information on the tungsten cross-

section covariance data, the uncertainty analysis could

be performed only partially, covering only the uncer-

tainties related to the response functions. Nevertheless

the above sensitivity results already give indications on

the reaction types and energy ranges requiring further

studies and improvements.
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