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1. Introduction 

 
Horizon 2020 SANDA project aims to coordinate all European activities regarding nuclear data, including 
experimental measurements (work packages 1, 2 and 3), evaluation (work package 4) and validation (work 
package 5), with the particular aim to contribute to the development of the future JEFF-4 nuclear data library.  

Within WP4, focused on evaluation and uncertainties, a task has been included (task 4.4) whose objective is 
recommending a series of benchmark experiments for the validation of new nuclear data evaluations. More 
specifically, the description of this task reads:   

“To complete this work package and provide a suitable link with the Work Package on validation (WP5), 
recommendations for preferred benchmark for thermal and high energy (up to 20 MeV) will be proposed. 
Whereas nuclear data validation has been in the recent years mostly restricted to critical benchmarks, this effort 
will also focus on other types of measurements, such as shielding benchmarks and kinetics. The code such as 
SUS3D (JSI) will be used for shielding calculations, with improved S/U analysis of the impact of the uncertainties 
in the secondary angular and energy distributions. For criticality and kinetic parameters, a review of different 
suites of inputs used in ICSBEP will be performed (CIEMAT and UPM), with selection/classification of benchmarks 
for different levels of nuclear data sensitivities for benchmarking and validation of nuclear data. For shielding, 
and spent nuclear fuel, a review of the SINBAD and SFCOMPO databases will be performed (JSI)” 

This report intends to fulfil these requirements. It is organized in four major sections, one for every type of 
benchmarks considered:  

- Section 2: criticality benchmarks. In this section, recommendations about the procedures to follow to 

select adequate sets of benchmarks for validation of specific nuclear data are presented, based on the 

work performed within the JEFF Working Group on Benchmarking, alongside with some specific 

examples.  

- Section 3: shielding benchmarks. This section presents an overview of the current status of the SINBAD 

database, including the new formats introduced adopted in the ICSBEP/IRPhE meeting in 2019, and the 

most recent quality evaluations and benchmark analyses.  

- Section 4: kinetic parameter benchmarks. This includes both the effective delayed neutron fraction (βeff) 

and the mean neutron generation time (Λeff). In OECD’/NEA’s IRPhE reactor physics experiments 

database, experimental kinetic parameter information is available only for very few systems. Hence, 

additional information has been searched in the literature and is presented in Annex 1.  

- Section 5: fuel burnup benchmarks. In this section, an overview of OECD/NEA’s SFCOMPO database is 

presented, as well as the results of some analysis performed by the institutions participating in this task 

(JSI, UPM).  
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2. Criticality benchmarks 

 

The Quality & Assurance (Q&A) for the evaluated of nuclear reaction data files is performed against available 
internationally evaluated integral benchmark experiments. These “integral tests” or “benchmarks” are 
performed to systematically address both the performance of individual evaluations and the full nuclear data 
library.  

Typically, the first benchmarking in criticality is carried out with ICSBEP [ICSBEP 2009] selecting “benchmarks” 
as simple single-physics experiments of non-trivial but well understood “clean” nuclear systems. It allows us to 
identify the real impact of nuclear data in the criticality integral experiments. 

In this context, theJEFF Working Group on Benchmarking was stablished in 2022 [JEFF-Validation, 2022] within 
the JEFF project to provide steps for the validation of nuclear data libraries in the framework of JEFF-4.A 
summary of the main conclusions elaborated by this WG where the UPM has actively participated is presented 
below: 

 

A total of seven steps were identified by this Working Group: 

1. Selection of representative criticality cases. 

2. Upload the corresponding input decks (e.g. MCNP…) in a dedicated directory on GitLab. 

3. Calculate the keff using different codes and data libraires. 

4. Upload keff results in a dedicated results’ directory on Gitlab. 

5. Automated calculation of different Figure of Merit allowing to compare libraries. 

6. Use of the NDAST tool to propagate the uncertainty associated with the nuclide cross sections to 
keff. Using the sensitivity values included in ICSBEP-DICE/NEA. 

7. For each nuclide to be tested, use of a Generalized Linear Least Squares Methodology (GLLSM) 
tool in order to investigate the improvement needed in the nuclear data using integral 
experiments. Use of the sensitivity values collected by NEA from different partners and Institutions 
covering different nuclear reactor systems. Examples of such sensitivity profiles can be the ones 
distributed in D5.2 on “Report on ESFR, MYRRHA, and ALFRED sensitivity and impact studies” 
[Romojaro 2022]. 

In addition, the Working Group concluded that the selection of representative criticality benchmarks 
should be done according to the following criteria:  

- For the selected criticality benchmarks, their experimental uncertainties should be evaluated 
correctly, and that they should be sufficiently low. It is therefore proposed to discard all 

experiments with propagated uncertainties in keff higher than 0.00500 at the 1 level and lower 

than 0.00100 at the 1 level. 

- Specific benchmarks should be selected for testing specific target isotopes (e.g. iron) or specific 
energy regions (e.g unresolved resonance range (URR)) that are often encountered in criticality-
safety, reactor physics, shielding and depletion calculations. 

- “Benchmark suites” should not be restricted to only keff values, the effort is also focus on other 

types of measurements, such as reaction rates and kinetic parameters (e.g. eff).. 

- The selection of criticality experiments should be based on a sensitivity analysis performed with 
DICE/ICSBEP Handbook. 

- High sensitivity to the nuclear data to be tested will be chosen as priority. The 
selection/classification of benchmarks with different levels of nuclear data sensitivities will help in 
the benchmarking and validation of nuclear data 

- Testing should consider the whole energy range 
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Therefore, this report contains four different suites of Benchmarks identified for nuclear data validation in 
criticality scenarios: 

- A review of 123 Mosteller’s suite. 

- Iron-Benchmarking suite. 

- Benchmark suite for testing the URR.   

- Low-enriched Compound Thermal (LCTs) benchmarks for Criticality Safety Analysis (CSA) of PWR 
spent fuel pool and storage cask. 

 
2.1.  The “123-Mosteller’s suite”. 

 
An expanded Criticality Validation Suite, taken from Integral Benchmark Experiments, ICSBEP for Criticality 
Safety containing 119 cases was proposed by R. D. Mosteller et al. [Mosteller 2005, LA-UR-11-05076] for a 
variety of fuels: plutonium (36), highly-enriched uranium (40), intermediate-enriched uranium (17), low-
enriched uranium (8) and U-233 (18). For each type of fuel, there are cases with a variety of moderators, 
reflectors, spectra and geometries.  

In addition, 4 cases also included in ICSBEP [ICSBEP 2009] are used for testing purposes: Np-237 (SPEC-META-
FAST-008, Heavy-Water solutions (HEU-SOL-THERM-004-001), Very thermal Pu solution (PU-SOL-THERM-
009) and Unmoderated ZEUS benchmark (HEU-MET-FAST-073). Appendix 2 in [UPM report: 2022-12-
20/WP4-D4.6/R6] gives a short description of the 123-Mosteller’s Benchmark suite used for benchmarking 
and testing nuclear data in criticality calculations. Examples of this benchmark suite can be found in the 
[JEFF-3.3 2018]. 

The reduced chi-square figure of merit allows an easy comparison of the performance of different nuclear 
data evaluations. 

𝜒2/𝑁 = ∑
(𝑘𝐶,𝑖 − 𝑘𝐸,𝑖)

2

Δ𝑘𝐶,𝑖
2 + Δ𝑘𝐸,𝑖

2

𝑁

𝑖=1

 

where: 

- N is the number of benchmarks. 

- kC,i is the computed neutron multiplication factor for the ith-benchmark using a particular computer code 

and a nuclear data library. 

- Δ𝑘𝐶,𝑖
2  is the statistical uncertainty in the calculation. 

- kE,i is the experimental neutron multiplication factor for the ith-benchmark model. 

- Δ𝑘𝐸,𝑖
2  is the experimental uncertainty of the evaluated ith-benchmark model. 

Then, 𝜒2/N value is a function of the overall performance of the “code + nuclear data library” for the overall set 
Benchmarks. If 𝜒2/𝑁 < 1, on average, calculations match benchmarks to within one experimental plus 
statistical (Monte Carlo) uncertainty. 
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Figure 1. Comparison of cumulative chi-2 values using 123-Mosteller’s suite 

As an example, the cumulative plot (Figure 1) shows the improvements in new evaluations. For JEFF-3.3 with a 
rather good cumulative  𝜒2/N = 2.19. However, for the JEFF-4T2.2 released in March 2023 the performance is 
deteriorated and additional efforts for a final JEFF-4 evaluation are required to improve it. 
 

2.2. Selection of criticality Benchmarks within JEFF-iron WG 

 
Recently, the JEFF Working Group on iron benchmarking agreed on a list of criticality benchmarks for the 
validation of iron. This set of benchmarks is given in Table 1 and has been used for testing new 56Fe evaluations. 
In particular, the pmi-002.c01 and hmi-001-1 benchmarks are very sensitive to test the Resolve Resonance (RR) 
energy region [Cabellos, 2022]. 

 
2.3. Selection of criticality Benchmarks for testing the URR 

 
The IAEA/TM on Code Validation for Generating ACE Libraries [Trkov 2021] has been working in an 
intercomparison exercise to test the the processing of nuclear data for neutron transport calculations with 
Monte Carlo codes in the URR. As a result of this intercomparison exercise, a list of criticality Benchmarks were 
selected for the validation of the probability tables/multi-band parameters entered by different codes into the 
ACE libraries (see Table 2). Other Benchmarks have been identified in the recent literature from ICSBEP to assess 
the impact of the probability tables on important isotopes for fast reactors [García-Herranz, 2021]. Table 3 shows 
an extract of these Benchmarks excluding those already included in Table 2. 
 

2.4. Selection of LCTs Benchmarks for Criticality Safety Analysis 

 
This section presents the selection of LCT Benchmarks for validation of JEFF-3.3 and ENDF/B-VIII.0 in PWR 
spent fuel pools and storage casks [JEF/DOC-2041, 2021]. This validation process is conducted in accordance 
with the recommendations: 

- 220 LCTs Benchmarks (see Appendix 3 in [UPM report: 2022-12-20/WP4-D4.6/R6]) as 
recommended in References: [NUREG/CR-6698, 2001], [Jang, 2018]. 

- Representative of the typical range of physical parameters (wt%235U, pitch, H/U, EALF, Boron) 
characterizing PWR spent fuel pools and storage casks with low-enriched UO2 fuel assemblies.  

Table 4 shows the KL (lower tolerance limit) and USL (Upper Safety Limit) predicted with JEFF-3.3 and 
ENDF/B-VIII.0 using the methodology defined in Ref. [NUREG/CR-6698, 2001]. The difference “KL(JEFF-
3.3) – KL(ENDF/B-VIII.0)” is only -37 pcm. 
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Table 1. Iron-Benchmark suite of the WG-JEFF4 on Benchmarking (October 2022) 

Case 
Benchmark 

keff 
EALF 

Thickness 

of 

reflector 

(mm) 

Integral 

Sensitivity 

Fe56 

capture 

Integral 

Sensitivity 

Fe56 

scattering 

Experimental 

Unc 

hmi-001-1 0.9966 31760  -0.1185 0.1726 0.0026 

hmf-043-001 0.9995 886000 10  0.0179 0.0018 

hmf-043-002 0.9995 878000 20  0.0309 0.0019 

hmf-084-007 0.9995 855000 25  0.0642 0.002 

hmf-021-001 1 796000 100  0.0986 0.0024 

hmf-061-001 0.9998 309000   0.0452 0.0025 

hmm-018-002 0.9993 2710  -0.0533 -0.018 0.0007 

imf-005-001 1 647000  -0.0007 0.0908 0.0021 

mmf-011-001 0.9897 297000  -0.0052 0.0411 0.0023 

mmi-003-001 0.9638 29900  -0.0218 0.1202 0.0027 

pmf-025-001 1 1270000 15.5 -0.0001 0.0448 0.002 

pmf-032-1 1 1250000 45 -0.0002 0.0654 0.002 

pmf-026-001 1 1160000 119 -0.0008 0.1214 0.0024 

pmf-028-1 1 1120000 200 -0.0015 0.1156 0.0022 

pmf-033-001 0.9967 422000  -0.0029 0.0445 0.0026 

pmi-002.c01 0.9878 10200  -0.058 0.1147 0.0023 
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Table 2. List of criticality Benchmarks from ICSBEP considered in the IAEA/TM on Processing. 
 

No. ICSBEP Label Short name Common name Comment 

1 HEU-MET-FAST-001 hmf001 Godiva  

2 HEU-MET-FAST-002 hmf002-002 Topsy-002  

3 HEU-MET-FAST-003 hmf003-001 Topsy-U_2.0in Uranium reflector 

4 HEU-MET-FAST-003 hmf003-002 Topsy-U_3.0in Uranium reflector 

5 HEU-MET-FAST-003 hmf003-003 Topsy-U_4.0in Uranium reflector 

6 HEU-MET-FAST-003 hmf003-010 Topsy-W_4.5in Tungsten reflector 

7 HEU-MET-FAST-003 hmf003-011 Topsy-W_6.5in Tungsten reflector 

8 HEU-MET-FAST-014 hmf014 VNIIEF-CTF-DU  

9 HEU-MET-FAST-032 hmf032-001 COMET-TU1_3.93in  

10 HEU-MET-FAST-032 hmf032-002 COMET-TU1_3.52in  

11 HEU-MET-FAST-032 hmf032-003 COMET-TU1_1.742in  

12 HEU-MET-FAST-032 hmf032-004 COMET-TU1-0.683in  

13 IEU-COMP-FAST-004 icf004 ZPR-3/12  

14 IEU-MET-FAST-007 imf007 Big_Ten(s)  

15 IEU-MET-FAST-007 imf007d Big_Ten(detailed)  

16 IEU-MET-FAST-010 imf010 ZPR-6/9(U9)  

17 IEU-MET-FAST-012 imf012 ZPR-3/41  

18 IEU-MET-FAST-013 imf013 ZPR-9/1 Reference for tungsten reflector 

19 IEU-MET-FAST-014 imf014-002 ZPR-9/2 Tungsten reflector 

20 IEU-MET-FAST-022 imf022-001 FR0_3X-S  

21 IEU-MET-FAST-022 imf022-002 FR0_5-S  

22 IEU-MET-FAST-022 imf022-003 FR0_6A-S  

23 IEU-MET-FAST-022 imf022-004 FR0_7-S  

24 IEU-MET-FAST-022 imf022-005 FR0_8-S  

25 IEU-MET-FAST-022 imf022-006 FR0_9-S  

26 IEU-MET-FAST-022 imf022-007 FR0_10-S  

27 MIX-MISC-FAST-001 mif001-001 BFS-35-1  

28 MIX-MISC-FAST-001 mif001-002 BFS-35-2  

29 MIX-MISC-FAST-001 mif001-003 BFS-35-3  

30 MIX-MISC-FAST-001 mif001-009 BFS-31-4  

31 MIX-MISC-FAST-001 mif001-010 BFS-31-5  

32 MIX-MISC-FAST-001 mif001-011 BFS-42  
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Table 3. An extract of the list of criticality Benchmarks from ICSBEP considered to study URR. 
 

No. ICSBEP Label Common name Core materials Reflector materials 

1 HEU -COMP-INTER-

003 

UH3 HEU (93 wt.%) Hydride Depleted U, Iron, Beryllium 

2 HEU-MET-INTER-006 ZEUS HEU (93 wt.%), Graphite Copper 

3 IEU-MET-FAST-004 Graphite-Reflected 

IEU Sphere 

IEU (36 wt.%) Graphite 

4 MIX-COMP-FAST-001 ZPR-6 Assembly 7 Mixed (Pu,U)- Oxide, 

Sodium 

Depleted U 

5 MIX-COMP-FAST-006 ZPPR-2 Mixed (Pu,U)- Oxide, 

Sodium 

Depleted U, Sodium and 

Steel 

6 PU-COMP-INTER-001 HISS/HPG Pu (5.3 at.% 240Pu), 

Graphite, Boron 

 

 
 

 

 

Figure 2. C/E trend as a function of EALF (eV) 

 

 

Table 4. KL (lower tolerance limit) and USL (Upper Safety Limit) predicted with JEFF-3.3 and ENDF/B-VIII.0 

JEFF-3.3 ENDF/B-VIII.0 

KL USL KL USL 

0.99387 0.94387 0.99424 0.94424 

NOTE USL = KL – SM (5%) - AOA  
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2.5.  Beyond criticality benchmarks 
 

The use of many integral responses for validation and adjustment with the same type of sensitivities (e.g. 
keff) may provoke some uncovered compensating errors between various nuclear-data observables. 
Therefore, different integral observables will give us different sensitivities to the same nuclear data 
compared to those of a unique response (e.g. keff). This will allow us to avoid potential compensation 
errors in the adjustment/tuning of nuclear data [JEF/DOC-2015, 2020], [IAEA/INDEN-Nov 2020]. 

So, one can combine different integral benchmarks to partially disentangle the bias in a set of 
experiments. For instance, the sensitivity of keff to 𝜈̅ or (n,fission) is very similar in criticality benchmarks. 
The same can be said for prompt fission neutron spectrum and (n,n’). To disentangle this effect, it is 
needed other type of integral benchmark experiment with different sensitivities to these nuclear data in 
the same energy range. 

 Criticality and reaction rates/spectral indexes 

Table 5 shows results for the Big-10 benchmark. This case is used to show the differences in 238U/URR 
evaluation between JEFF-3.3 and ENDF/B-VIII.0. Here, reaction rates (RRs) and criticality values are 
compared with measurements. C/E values for keff show a good agreement both in JEFF-3.3 and ENDF/B-
VIII.0 However, JEFF-3.3 gives an underestimation of 8% and 10% in the reaction rates of C28/F25 and 
F28/F25, respectively. It can be attributed to the different compensation in criticality and RRs for each 
cross-section channel in these experimental values. 

A second example is shown in Table 6 for the Jezebel Benchmark with 239Pu nuclear data. As it can be 
seen in Table 5 and Table 6, nuclear data both in JEFF-3.3 and ENDF/B-VIII.0 predicted quite well keff. So, 
it gives some indications that nuclear data were tweaked by evaluators. 

Both JEFF-3.3 and ENDF/B-VIII.0 may have some compensations in the nuclear data to predict the same 
(approximately) keff value. However, the underestimation of C28/F25 may give us some indications that 
a better evaluation can be still performed. Figure 3 shows the sensitivity profiles for keff and C28/F25 
reaction rates for the same cross-section 235U(n,fission) in Godiva (HMF1) Benchmark. It gives a different 
trend for different response. The Figure also shows the C28/F25 sensitivity for 235U(n,fission) in Jezebel 
(PMF1) Benchmark showing similar trend in different Benchmarks. 

 The necessity of an extended set of criticality benchmarks to give some indications on specific 
isotopes-reactions 

There is a necessity of extended ICSBEP validation suites to identify trends in nuclear data evaluations 
[JEFF-CG, April 2020]. This is the case of PST-034 benchmarks (Figure 4) which are used to show the 
impact of different evaluations for the 239Pu in the energy range between 0.1eV and 1eV. The sensitivity 
to the 239Pu cross-sections is very large due to the large amount of 239Pu, the thermal energy range is 
also controlled with different amounts of Gd in the Benchmark.  

As it can be observed in Figure 4, JEFF-3.3 shows an overestimation in keff between 500-750 pcm for the 
cases PST-0034-007 to 015. However, ENDFB/B-VIII.0 shows an underestimation in keff between 250-
500 pcm. These large deviation in JEFF-3.3 respect to ENDF/B-VIII.0 is justified because of the differences 
around the first resonance in the JEFF-3.3 evaluation.  
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Table 5. Criticality and reactions rates in IEU-MET-FAST-007: Big-10. 

Quantity ΔEexp/E 
C/E 

JEFF-3.3 ENDF/B-VIII.0 

238U(n,f) / 235U(n,f) = F28/F25 ± 0.02 0.90 0.96 

238U(n,g) / 235U(n,f) = C28/F25 ± 0.03 0.92 0.96 

keff (detailed model) 
± 70 

(pcm) 
1.00041 0.99979 

keff (Improved simplified model) 
± 80 

(pcm) 
0.99997 0.99951 

 

 

Table 6. Criticality and reactions rates in PU-MET-FAST-001 

Quantity ΔEexp/E 
C/E 

JEFF-3.3 ENDF/B-VIII.0 

238U(n,f) / 235U(n,f) = F28/F25 ± 0.01 0.98 0.99 

238U(n,g) / 235U(n,f) = C28/F25 --- 0.93 0.95 

237Np(n,f) / 235U(n,f) = F37/F25 ± 0.01 1.00 0.99 

239Pu(n,f) / 235U(n,f) = P49/F25 ± 0.01 0.98 0.98 

keff (simple model. rev4) 
± 110 

(pcm) 

1.00020 

± 0.00002 

1.00067 

± 0.00002 

 

 

 

Figure 3. Sensitivity profiles for C28/F25 in Jezebel and Godiva and keff in Godiva 
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Figure 4. Δkeff/keff in pcm due to changes “only” in 239Pu between JEFF-3.3 and ENDF/B-VIII.0 as a 
function of the full set of PU Benchmarks in ICSBEP.  

 

 Depletion benchmarks: PIE and reactivity. 

The use of depletion benchmarks can give some insights to different nuclear data trends where the 
sensitivities might differ from criticality cases. Here, post-irradiation-experiments (PIE) can be used for 
nuclear data validation (e.g. SFCOMPO database, which will be described in more detail in section 5). 
Unfortunately, reactivity values (keff) of those depleted benchmarks are not available in the current 
databases and hence computational benchmarks have to be used to give additional indications on 
nuclear data. 

In depletion calculations, the problem is a time dependent problem where sensitivities and correlations 
change over time. Hence, we need sensitivities to assess the impact of changes both in the reactivity and 
in the isotopic inventory (e.g. 239Pu) due to different nuclear data evaluations  

Similarity indexes (e.g. ck-values) can be used to find criticality benchmarks with a similar trend to 
depletion. That is the case of PST-034 cases which shows a similarity of ck~0.95 with the reactivity change 
in depletion at high burnups for the 239Pu thermal cross-sections. 

 Neutron transmission experiments 

Other indications on nuclear data can be found using neutron transmission experiments. For instance, 
there are benchmarks at ICSBEP/FUND-JINR-1/E-MULT-TRANS-001 which can be used. This type of 

experiments can show some trends in the α-value (α =σ /σf) characterized by different self-shielded and 
unshielded experiments. Therefore, transmission benchmarks can give us some additional insight to 
different nuclear data because their sensitivities differ from criticality. 

 Shielding Benchmarks 

Examples such as LLNL pulsed spheres, OKTAVIAN/ToF and FNS/ToF experiments may give us additional 
insights above 2 MeV, i.e. above the neutron energy of criticality benchmarks. These shielding 
benchmarks are focused on specific nuclear data such as scattering (elastic, inelastic) and fission 
observables (fission cross sections, 𝜈̅ and prompt fission neutron spectrum). But once again, one cannot 
disentangle deficiencies in these nuclear data using only pulsed spheres. Additional experiments, 
including differential ones are needed. A detailed overview of the SINBAD database of shielding 
benchmark experiments in given in Section 3. 
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One difficulty with these shielding and transmission benchmarks is that they have a high sensitivity to 
neutron leakage which may create further shortcomings if deficiencies in angular distributions are 
compensated in the integral-energy cross-sections. Consequently, the sensitivity to angular distributions 
is crucial to disentangle the contributions in the correct prediction of neutron leakages due to angular 
and integral nuclear reaction data. 

 Kinetic Benchmarks 

Finally, another family of integral experimental data that can also be used for nuclear data validation are 
kinetic parameters, namely the effective delayed neutron fraction and mean neutron generation time. 
The reference database for finding this information should be, in principle, OECD/NEA maintained 
International Handbook of Evaluated Reactor Physics Benchmark Experiments (IRPhE), but actually very 
few experimental kinetic information is contained in it. The use of these experiments for benchmarking 
is discussed in section 4. Some specific features of kinetic benchmarks making their use in ND 
improvement studies complementary to other experiments are presented in [Kodeli, 2017], [Kodeli, 
2018].  
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3. SINBAD shielding benchmarks 

 

The "lifetime" of well-defined benchmark experiments is usually much longer than that of nuclear data libraries, 
basic data evaluations and computer codes and methods. Although designed to validate some specific 
computational methods and data at a given time, benchmark experiments do not become obsolete but can very 
well serve for testing further methods or data that will be developed and produced later. This shows the 
importance of preserving and making easily accessible the information on these benchmarks. 

Creation of a shielding benchmark database was first announced in 1988 at the Seventh International 
Conference on Radiation Shielding (ICRS7) in Bournemouth, UK [Miller,1988], following the discussions within a 
series of specialists’ meetings organised in 1980s by NEACRP in Paris and Saclay. The SINBAD project (A Shielding 
Integral Benchmark Archive and Database) [Kodeli, 2021], [sinbad] was then started in the early 1990’s as a joint 
project of the OECD/NEA Data Bank and Oak Ridge National Laboratory’s Radiation Safety Information 
Computational Center (RSICC) with the objective to develop an electronic data base for storing and retrieving 
information about the shielding experiments for nuclear systems. The SINBAD database includes description of 
experiments, experimental results, and calculational models, as well as stores relevant figures and reports in the 
digitized page image form. 

In the first ~15 years a total of about 100 benchmark evaluations were prepared for SINBAD, with 84 evaluations 
performed by the NEA Data Bank and 18 evaluations by the RSICC. The documentation was independently 
checked by 2 scientists, however due to limited funding the evaluated benchmark data were of different quality, 
and with varying degree of rigorousness and completeness of reported experimental information. To provide a 
better guidance to the users of the database, a detailed quality evaluation of the evaluations was started in 2008 
and it is by now completed for about half of the database. Where performed, the main conclusions, including 
the overall quality note and the identification of missing information such as geometry description, experimental 
uncertainties etc., are reported.  

Computational analyses of the experiments were performed using different radiation transport software – both 
deterministic and Monte Carlo. Because the experiments were analysed over several years, some of the 
computer codes are no longer available in the public domain. In some cases, Monte Carlo calculations were 
compared with deterministic ones. For Monte Carlo, input data for different versions of MCNP-4, 5, 6 are 
predominant, but others, such as TRIPOLI, SERPENT, MCBEND, GEANT are also available or under preparation.  
For the deterministic computations, older versions like DOT3.5, DORT-TORT, DANTSYS, PARTISN etc. were 
typically included. For higher energies, FLUKA, MARS, HETC, LAHET and PHITS were implemented.  

A few of the experiments have not been analysed computationally. Annex 2 presents the listing of the 
experiments in respective categories – Table 23, Table 24 and Table 25 for fission; Table 26 and Table 27 for 
fusion, and Table 28 and Table 29 for accelerators.  In addition, the software used in analysing each experiment 
is listed in the last column. If the input files for the software are available, it is noted in the last column. In a few 
cases, the input files are not in digital format, but are listed in the accompanying cited documents. 

The OECD NEA Working Party on Scientific Issues of Reactor Systems (WPRS) Expert Group on Radiation 
Transport and Shielding was started around 2011 with the mandate, among others, to monitor, steer and 
support the continued development of the SINBAD database.  

Since its inception in the 1990’s, SINBAD has grown by ~2009 into a collection of 102 benchmarks, comprising 
48 fission, 31 fusion and 23 accelerator experiments. Many scientists from varied countries contribute to the 
SINBAD collection.  After ~2009 the database was managed in the scope of EGPRS, however little new data was 
added, focussing the discussion on improving and modifying the general format of the data. Lack of maintenance 
resulted in a reduced use of shielding benchmarks in nuclear data V&V procedure, which was mainly based on 
easily available and ready-to-use ICSBEP/IRPhE [IRPhE, 2019] critical benchmarks. To improve this situation and 
promote a wider use of SINBAD, the OECD/NEA WPEC Sub-group 47 [WPEC47a, 2019], [WPEC47b, 2022] was 
started in 2019, followed in January 2022 by a SINBAD Task Force to carry on the work on further development 
of SINBAD hopefully incorporating some recommendations from WPEC SG47. 
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3.1. Organisation of the SINBAD database  

 

Several new evaluations are at present ongoing as part of the SINBAD Task Force: FNG Copper, FNG HCLL, KFK 
gamma Fe sphere, Oxygen Broomstick, TIARA etc. These evaluations are going through a thorough review and 
will be released on GitHub platform when/if successfully passing. The formats used in the old and the new sets 
of SINBAD evaluations also differ. 

The presently available SINBAD benchmark data are distributed by NEADB as part of the following packages: 

- NEA-1517 SINBAD REACTOR  

- NEA-1552 SINBAD ACCELERATOR  

- NEA-1553 SINBAD FUSION  

Each experiment in the “old” SINBAD collection has the following descriptive properties: 

a) Contributor 

b) Name of experiment 

c) Purpose of the experiment 

d) Description of the source and experimental configuration 

e) Measurement system and uncertainties 

f) Results and Analysis; comparison with calculations 

 

3.1.1. Old format as used in the 102 available SINBAD benchmark evaluations: 

The presently available (102) evaluations in SINBAD are structured around the following main files: 

- INDEX 

- ABSTRACT 

- BENCHMARK EVALUATION file 

- Supplementary supporting documentation (original reports, drawings, computer code inputs, 
quality evaluation reports) 

I. SINBAD INDEX 

SINBAD INDEX file contains the list of all available benchmark experiments in SINBAD which can be sorted by 
alphabetical name, shielding application (fission/fusion /accelerators), shielding material, laboratory and the 
year when the experiment was completed. Acknowledgement is given to the contributing laboratories. The file 
includes HTML format hyperlinks pointing to Abstract files of individual benchmarks. 

II. SINBAD ABSTRACT 

SINBAD ABSTRACT provides the general descriptors of the experiments, a list of all the data and documents 
available in the evaluation with hyperlinks. It is organized around ten main sections listed in Table 7.  

III. BENCHMARK EVALUATION REPORT 

SINBAD EVALUATION REPORT is the main document including the description and evaluation of the benchmark 
information. The evaluation reports are in HTML format and can include hyperlinks to drawings and data files 
that are presented or summarized in other files. The presently available (102) evaluation documents are 
prepared in free format without very strict structure and chapter definitions. The main (HTML) documents 
generally includes, as a minimum, chapters on: 

- Radiation source 

- Shield and its environment 

- Detector system 

- Measurement results with uncertainties 
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As mentioned above, some (51) SINBAD evaluations include in addition a quality evaluation report with a 
thorough review and detailed information on: 

- Radiation source 

- Shield and environment 

- Instrumentation (detector geometry, experimental methods, measurement uncertainties. 

- Benchmark data and computational models. 

Quality reports are included as separate PDF documents, although it was planned to integrate them in the 
benchmark evaluation report at the later stage. 

Benchmark model specifications are in most present evaluations not complete since it was expected that the 
computational models would evolve and become more sophisticated with the improvement of computational 
capabilities. For the older benchmarks the simplified versions are described which were used at the time when 
the experiments were performed, and do not take into account the new modelling possibilities. The modelling 
capabilities of modern computer codes and their possible contribution to improve the modelling of the 
benchmark were investigated during the quality evaluation of the experiments and are discussed in the Quality 
evaluation reports where available.  

 

3.1.2. New SINBAD formats 

Modifications of the above SINBAD format or adopting a new format was discussed since 2012 within the EGPRS. 
Two new formats were proposed (shown on Table 8 and Table 9) which still included the SINBAD INDEX and 
ABSTRACT files that provide an overview of the database, general descriptors of the experiments and hyperlinks 
to the available evaluation reports, computer code inputs and other background data. Finally, at the 
ICSBEP/IRPhE meeting in 2019 another format largely inspired by (practically the same as) the one used for 
criticality benchmark evaluations of IRPhE (International Reactor Physics Experiment Evaluation Project) and 
ICSBEP (International Criticality Safety Benchmark Evaluation Project) was adopted for future evaluations. The 
format is given in Table 10. The new format is however not compatible with the old one, since the files INDEX 
and ABSTRACT are not used any more. Further inconvenience for the users is that some shielding benchmarks 
are also evaluated in the IRPhE database. In the past some evaluations were shared between SINBAD and IRPhE. 
For example, the VENUS-3 and Baikal-1 Skyshine Benchmarks were first released within SINBAD project and a 
more thorough evaluation was later performed in the scope of the ICSBEP project. These two evaluations are 
now shared with ICSBEP, provided in a slightly different format (basically with only ABSTRACT file added in 
SINBAD), with a clear updating policy and responsibilities. However, such sharing of evaluations among 
databases is not planned for future. 

Users are therefore advised to consult all three databases for shielding benchmarks suitable for a particular 
application. 

 

3.2. Quality evaluations  

 
Since the experimental data presently available in SINBAD are of varying quality, a thorough revision and 
classification of the benchmark experiments was undertaken under the guidance of the NEA Data Bank in order 
to provide users with easier choices and help them make better use of the experimental information.  The main 
criteria used in the review are the completeness and consistency of information, in particular concerning the 
evaluation of the experimental sources of uncertainty. These concern the experimental setup, the neutron 
source specifications, the detector characteristics, the geometry and precise material composition of the 
components. Between 2008 and 2014 the review was concluded for 52 benchmark experiments, mostly of 
relevance for fusion neutronics (25), but also for fission (17) and for accelerator shields (10). The outcomes of 
this work are described in [Milocco, 2010], [Milocco, 2010a], [Milocco, 2013], [Milocco, 2015], [Zerovnik, 2015]. 
The concerned experiments are given in Annex 3. 45 experiments were revised and updated SINBAD 
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compilations released (2008-2011). Six fission reactor and accelerator benchmarks were revised, but the 
revisions are not yet included in SINBAD. The review was focused on:  

- New experimental information from the literature. 

- Refinement of source model where possible. 

- New MCNP models reproducing the experiment as exactly as reasonably possible, avoiding 
unnecessary approximations. 

- Sensitivity studies to study the impact of neutron source description, composition and geometry 
uncertainties where available. 

 

3.3. Examples of benchmark analyses  

 
Although less widely used compared to the ICSBEP and IRPhE benchmarks, SINBAD benchmarks still proved 
useful for computer code and nuclear data validation and improvement. Interest in SINBAD integral benchmark 
data was expressed in the scope of projects of the European Commission CHANDA, F4E, OECD WPEC, FENDL etc. 
Recent examples of SINBAD benchmarks include the validation of different nuclear data validation, such as JEFF-
3.3 [4], -4T, CIELO, ENDF/BVIII.0, FENDL-3.2 [6], IRDFF-II [7] and JENDL-4.0, -5. Some V&V analyses are reported 
in [jefdoc-2175, 2022], [jefdoc-2141, 2022], [effdoc-1462, 2021], [jefdoc-2044, 2021], [jefdoc-2016,2020], 
[jefdoc-1854, 2017], [jefdoc-1807, 2017], [Kodeli, 2023], [Kodeli, 2019], [Kodeli, 2018], [Schnabel, 2023] using 
the following shielding benchmarks: 

- ASPIS Fe88,  

- PCA Replica  

- PCA ORNL  

-  CIAE neutron leakage spectra from Fe  

- KFK 1977 gamma fields in iron spheres  

- FNG-HCLL Tritium Breeder Module Mock-up 

- FNG-Copper 

- FNG-WCLL  

 
 

Table 7. SINBAD ABSTRACT content. 

Section Title 

1 Name of the Experiment 

2 Purpose and Phenomena Tested 

3 Description of the Source and Experimental Configuration 

4 Measurement System and Uncertainties 

5 Description and Results of Analysis 

5a Benchmark model 

6 Quality assessment (review) 

6a Special Features 

7 Author/Organizer 

8 Availability 

9 References 

10 Data and Format 

 

 
 



19 

 

Table 8. Option one for the format of the evaluation report discussed within EGPRS in 2011-2017. 

Section Title 

1. DETAILED DESCRIPTION 

1.1 Description of the Experiment 

1.1.1 Overview of the Experiment 

1.1.2 Facility Description 

1.1.3 Measurement Methods 

1.1.4 Summary of Evaluation and Recommendation 

1.2 Attributes of the Experiment 

1.2.1 Description of the Measurement Methods and Data Reduction Process 

1.2.2 Description of Measurement Uncertainties 

1.3 Description of Experimental Configuration 

1.3.1 Description of the Source 

1.3.2 Description of the Shield and Facility 

1.3.3 Description of the Detection System 

1.4 Measurement Information 

1.4.1 Measured Parameters and Uncertainty 

1.4.2 Measurement Processing Procedures and Results 

1.4.3 Calibration, Efficiency and Detector Property Analysis 

1.4.4 Additional Measurement Information 

1.5 Interpretation of Measurements 

1.5.1 Derived Measurements 

1.5.2 Uncertainties in Derived Measurements 

1.5.3 Additional Information 

2. (Quality) EVALUATION OF EXPERIMENTAL DATA 

2.1 Evaluation of Experimental Configuration 

2.1.1 Evaluation of Source Description 

2.1.2 Evaluation of Shield Configuration 

2.1.3 Evaluation of Detector System 

2.1.4 Evaluation of Facility Effects 

2.2 Evaluation of the Measured Data 

2.3 Sensitivity and Uncertainty Analysis 

2.3.1 Calculated Model 

2.3.2 Sensitivity Analysis 

2.3.3 Overall Uncertainty 

2.4 Evaluation Conclusions and Recommendations 

3. BENCHMARK SPECIFICATIONS 

3.1 Benchmark Model Specifications for Shielding Measurements 

3.1.1 Description of Benchmark Model Simplifications 

3.2 Source Description 

3.3 Shield Description 

3.4 Shield Material Data 

3.5 Detection System 

3.6 Facility Description 

4.0 RESULTS OF SAMPLE CALCULATIONS (& NUCLEAR DATA SENSITIVITIES) (Optional) 

  

6.0 REFERENCES 

 APPENDICES (Optional) 
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Table 9. Option two for the format of the evaluation report. 

Section Title 

1. SINBAD Experiment Description File 

1.1 Description of the Source 

1.2 Description of the Shield and Facility 

1.3 Description of the Detection System 

1.4 Experimental Results 

1.4.1 Measured Parameters and Uncertainty 

1.4.2 Measurement Processing Procedures and Results 

1.4.3 Calibration, Efficiency and Detector Property Analysis 

1.4.4 Additional Measurement Information 

1.5 Interpretation of Measurements 

1.5.1 Derived Measurements 

1.5.2 Uncertainties in Derived Measurements 

1.5.3 Additional Information 

2. QUALITY EVALUATION 

2.1 Evaluation of Experimental Configuration 

2.1.1 Evaluation of Source Description 

2.1.2 Evaluation of Shield Configuration 

2.1.3 Evaluation of Detector System 

2.1.4 Evaluation of Facility Effects 

2.2 Evaluation of the Measured Data 

2.3 Sensitivity and Uncertainty Analysis 

2.3.1 Calculated Model 

2.3.2 Sensitivity Analysis 

2.3.3 Overall Uncertainty 

2.4 Evaluation Conclusions and Recommendations 

3. BENCHMARK (MODEL) SPECIFICATIONS 

3.1 Benchmark Model Specifications for Shielding Measurements 

3.1.1 Description of Benchmark Model Simplifications 

3.2 Source Description 

3.3 Shield Description 

3.4 Shield Material Data 

3.5 Detection System 

3.6 Facility Description 

4. CALCULATIONS (& NUCLEAR DATA SENSITIVITIES) (Optional) 
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Table 10. New ICSBEP/SINBAD format adopted at ICSBEP/IRPhE/SINBAD TPR meeting, inspired by the IRPhE 
Project format. 

Section Title 

1 EXPERIMENT DESCRIPTION 

1.1 Description of the experiment 

1.1.1 Overview of the experiment (Place, Institution, Persons & tasks) 

1.1.2 Facility description (Room, dimensions, source position) 

1.1.3 Measurement methods 

1.1.4 Measurement evaluation identification 

1.2 Description of each measurement configuration 

1.2.1 The source 

1.2.2 The shield 

1.2.3 The detection system 

1.3 Description of materials and radiation sources 

1.3.1 Description of the source 

1.3.2 Description of the shield 

1.3.3 Materials of the detection system 

1.4 Measurement of input and output variables 

1.4.1 Neutron source intensity 

1.4.2 Activation of foils irradiated by neutrons 

1.4.3 Total dose measured with TLD 

1.4.4 Neutron flux measured with proportional counters 

1.4.5 Neutron spectrum measured with Bonner spheres 

1.4.6 Neutron spectrum measured by time-of-flight 

1.4.7 Neutron spectrum measured with plastic scintillator 

1.4.8 Tritium production measured by liquid scintillator 

1.4.9 Tritium production measured by difference in TLD dose 

1.4.10 Tritium production measured by self-irradiated TLD 

1.5 Additional information 

2 EVALUATION OF MEASURED DATA 

2.1 Evaluation of the measurement configuration 

2.1.1 Configuration geometry parameter values 

2.1.2 Material characteristics parameter values 

2.1.3 Radiation source parameter values 

2.1.4 Evaluation of uncertainties of the experimental configuration parameters 

2.2 Evaluation of the measured data 

2.2.1 Activation of foils 

2.2.2 Total dose measured by TLD 

2.2.3 Neutron flux measured with proportional counter 

2.2.4 Neutron spectrum measured with Bonner spheres 

2.2.5 Neutron spectrum measured by time-of-flight 

2.2.6 Neutron spectrum measured with plastic scintillator 

2.2.7 Tritium production measured by liquid scintillator 

2.2.8 Tritium production measured by difference in TLD dose 

2.2.9 Tritium production measured by self-irradiated TLD 

2.3 Sensitivity and uncertainty analysis 

2.3.1 Calculation model 
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2.3.2 Sensitivity to the source characteristics 

2.3.3 Sensitivity to the physical parameters of the shield 

2.3.4 Summary of sensitivity analysis 

2.3.5 Total uncertainty 

3 BENCHMARK MODEL 

3.1 Description of the different benchmark models 

3.2 Source and target description 

3.3 Shield description 

3.4 Shield material data 

3.5 Detection system 

3.6 Materials of the detection system 

3.7 Facility description 

3.8 Benchmark model values for total dose with TLD 

3.9 Benchmark model values for neutron flux with proportional counter 

3.10 Benchmark model values for neutron spectrum with Bonner spheres 

3.11 Benchmark model values for neutron spectrum with time-of-flight 

3.12 Benchmark model values for neutron spectrum with plastic scintillator 

3.13 Benchmark model values for tritium production with liquid scintillator  

3.14 Benchmark model values for tritium production by difference in TLD dose 

3.15 Benchmark model values for tritium production by TLD self-irradiation 

4 SAMPLE CALCULATIONS 

4.1 Results for benchmark model A with code A 

4.2 Results for benchmark model B with code B 

4.3 Results for benchmark model A with code A 

4.4 ... 
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4. Kinetic parameter benchmarks 

 

As stated above, kinetic parameters (namely, the effective delayed neutron fraction 𝛽𝑒𝑓𝑓  and mean neutron 
generation time Λ𝑒𝑓𝑓) can also be used for validation of nuclear data and complement traditional nuclear 

data validation using keff, as described in section 2. For the purposes of SANDA T4.4, a search of such 
benchmarks has been carried out and a sensitivity and uncertainty (S/U) analysis has been performed in 
order to determine level of nuclear data sensitivity. In addition to this, a good knowledge of reactor kinetic 
parameters and their uncertainty is also relevant in other fields, such as nuclear reactor safety or reactivity 
monitoring of accelerator-driven systems (ADS). The results of this work are fully presented in [Bécares 
2022]; here the main findings are summarized.  

 

4.1. Methodology 

Although experimental kinetic information is in principle included in the IRPhE [NEA 2020b] database, 
actually only very few systems included in this database offer this information, a total of five systems for βeff 
and two for Λeff. These are Orsphere (βeff, Λeff, 𝛼), BFS1-73 (βeff), IPEN/MB-01 (βeff, Λeff), SNEAK-7A (βeff) and 
SNEAK-7B (βeff). Hence, an extensive bibliographic search has been carried out in the ICSBEP [NEA 2020a] 
and the literature (e.g. [Okajima 2002]). Results are summarized in Table 11 and fully included in Annex 1.  

Once these systems have been identified, the SUMMON code [Romojaro 2017, Romojaro 2019] has been 
used in combination with sensitivity profiles calculated with the KSEN card of MCNP 6.2 [Werner 2017] in 
order to determine the sensitivity of 𝛽𝑒𝑓𝑓  and Λ𝑒𝑓𝑓  to nuclear data and the uncertainty due to nuclear data. 

The covariance matrices from the JEFF-3.3 [Plompen 2020], ENDF/B-VIII.0 [Brown 2018] and JENDL-4.0u 
[Shibata 2011] have been used for this purpose. This is tool offers similar S/U capabilities that the NDAST 
tool above mentioned and also makes use of the “sandwich rule” to calculate the uncertainty from the 
sensitivity profiles and covariance matrices, but it can perform S/U analyses in a more automatic way. 

 

Table 11. Total number of benchmark systems with kinetic information identified within this work. 

Fuel Spectrum βeff Λeff 𝛂 

235U systems 
Fast & intermediate 13 3 14 

Thermal 2 1 8 

Pu & mixed  

fuel systems 

Fast & intermediate 10 1 1 

Thermal --- --- --- 

233U  systems 
Fast & intermediate 2 1 1 

Thermal --- --- --- 

Total 27 6 24 
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4.2.  Benchmarks for the effective delayed neutron fraction (βeff) 

 

The effective delayed neutron fraction has been calculated with SUMMON using the technique proposed in 
[Chiba 2009, Chiba 2011]:  

𝛽𝑒𝑓𝑓 =
1

𝑎
(

𝑘̅𝑒𝑓𝑓

𝑘𝑒𝑓𝑓

− 1) 

where 𝑘𝑒𝑓𝑓  is the criticality constant of the system and 𝑘̅𝑒𝑓𝑓  is the value of the criticality constant obtained 
by perturbing the system by introducing 𝑎 times the number of delayed neutrons. This is achieved by 
multiplying by 𝑎 + 1 the value of the average number of delayed neutron per fission (𝜈̅𝑑) in the nuclear data 
files used by the Monte Carlo code and increasing accordingly the total number of neutrons per fission (𝜈̅𝑡). 
The results presented in this work have been obtained considering 𝑎 = 20, which has been found to offer a 
good balance between precision and accuracy. 

Major conclusions from the analysis are: 

1) Experimental and calculated 𝛽𝑒𝑓𝑓  values are largely compatible when uncertainties due to nuclear 
data are taken into account.  

2) Calculated values of 𝛽𝑒𝑓𝑓  are sensitive mostly to 𝜈̅𝑑 (strong positive sensitivity, ISC ≅ 1) and 𝜈̅𝑝 (strong 

negative sensitivity, ISC ≅ -1) of the major fissile isotopes. Some examples are presented in Table 
12. Hence, 𝛽𝑒𝑓𝑓  is a good parameter for validating these data. This can be explained from the 

definition of 𝛽𝑒𝑓𝑓  in perturbation theory:  

𝛽𝑒𝑓𝑓 =
⟨𝜓†|𝐹̂𝑑𝜓⟩

⟨𝜓†|𝐹̂𝜓⟩
≃

⟨𝜓†|𝐹̂𝑑𝜓⟩

⟨𝜓†|𝐹̂𝑝𝜓⟩
=

⟨𝜓†|𝜒𝑑𝜈̅𝑑Σ𝑓𝜓⟩

⟨𝜓†|𝜒𝑝𝜈̅𝑝Σ𝑓𝜓⟩
 

From this equation it is straightforward that an increase in the value of 𝜈̅𝑑 (in the numerator) will 
cause a proportional increase in the value of 𝛽𝑒𝑓𝑓  while an increase in 𝜈̅𝑝 (in the denominator) will 

cause a proportional decrease in the value of 𝛽𝑒𝑓𝑓. Notice that with this explanation a negative 

sensitivity to 𝜈̅ could be also expected, but it is not observed. This is possibly due to the procedures 
used by MCNP to calculate the sensitivity profiles, e.g. because of not considering 𝜈̅ when both 𝜈̅𝑝 

and 𝜈̅𝑑 are available, but we have found no information about this in the literature. In any case, a 
similar behaviour was observed in [Kodeli 2013] with the SUS3D code.  

3) Concerning uncertainties due to nuclear data, it has been observed a large variation in the 
uncertainty values obtained when using covariance data sets from different nuclear data libraries. 
The total uncertainty due to nuclear data and the major contributors for some systems are 
presented in Table 14, using covariance matrices from the JEFF-3.3, ENDF/B-VIII.0 and JENDL-4.0u 
libraries. The reason for the discrepancy between libraries is the inclusion or not of covariance 
information for the most relevant nuclear data for 𝛽𝑒𝑓𝑓, i.e. 𝜈̅𝑑 and 𝜈̅𝑝. In Table 13, the isotopes with 

covariance data for nubar included in different libraries are listed. The most complete library in this 
sense is JENDL-4.0u. The ENDF/B-VIII.0 is also suitable for uncertainty analyses of uranium systems 
(both 233U and 235U), and in fact is more conservative (larger uncertainties) than JENDL-4.0u for 235U 
systems. The JEFF-3.3 library, for its part, is only suitable for 233U systems. In this case, however, it is 
the most conservative library. 

Another point to remark is that the uncertainty due to nuclear data is dominated by the uncertainty 
in 𝜈̅𝑑. In spite of a similarly large sensitivity, 𝜈̅𝑝 does not contribute significantly to this uncertainty. 

This is explained by lower covariance values in 𝜈̅𝑝. Finally, in a few systems (Topsy, Sneak7B) the 
contribution of 238U inelastic scattering is also very relevant or even the dominant one. This is 
consistent with the findings of previous works [Kodeli 2011, Kodeli 2013, Kodeli 2014, Kodeli 2017a, 
Kodeli 2017b].  
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Table 12. Integrated sensitivity coefficients (ISCs) to βeff for selected systems. 

 

Godiva (HEU-MET-FAST-001) 

Reaction ISC (%/%) 
235U, 𝜈̅𝑑 0.9698 ± 0.0016 

235U, (𝑛, 𝑛) 0.050 ± 0.014 
238U, 𝜈̅𝑑 0.02035 ± 0.00003 

238U, (𝑛, 𝑓) 0.00682 ± 0.00011 
234U, 𝜈̅𝑑 0.004650 ± 0.000007 

… 
234U, 𝜈̅𝑝 -0.01254 ± 0.00007 
238U, 𝜈̅𝑝 -0.01624 ± 0.00008 

235U, (𝑛, 𝛾) -0.0458 ± 0.0009 
235U, (𝑛, 𝑓) -0.054 ± 0.012 

235U, 𝜈̅𝑝 -0.966 ± 0.010 
 

 

Jezebel (PU-MET-FAST-001) 

Reaction ISC (%/%) 
239Pu, 𝜈̅𝑑 0.9483 ± 0.0007 

239Pu, (𝑛, 𝑛) 0.082 ± 0.010 
240Pu, 𝜈̅𝑑 0.04218 ± 0.00003 
241Pu, 𝜈̅𝑑 0.006865 ± 0.000006 

240Pu, (𝑛, 𝑛) 0.0048 ± 0.0024 

… 
240Pu, 𝜈̅ -0.0067 ± 0.0003 

239Pu, (𝑛, 𝑓) -0.013 ± 0.012 
239Pu, (𝑛, 𝛾) -0.0206 ± 0.0003 

240Pu, 𝜈̅𝑝 -0.0489 ± 0.0003 
239Pu, 𝜈̅𝑝 -0.946 ± 0.011 

 

 

Skidoo (U233-MET-FAST-001) 

Reaction ISC (%/%) 
233U, 𝜈̅𝑑 0.9824 ± 0.0016 

233U, (𝑛, 𝑛) 0.064 ± 0.020 
234U, 𝜈̅𝑑 0.00947 ± 0.00001 
238U, 𝜈̅𝑑 0.00472 ± 0.00001 

238U, (𝑛, 𝑓) 0.00336 ± 0.00002 

… 
233U, (𝑛, 𝑛′) -0.010 ± 0.008 

234U, 𝜈̅𝑝 -0.01141 ± 0.00012 
233U, (𝑛, 𝛾) -0.0211 ± 0.0006 
233U, (𝑛, 𝑓) -0.066 ± 0.022 

233U, 𝜈̅𝑝 -0.984 ± 0.020 
 

 

  

 

 

 
Table 13. Covariance data for nubar in different nuclear data libraries. 

 JEFF-3.3 ENDF/B-VIII.0 JENDL-4.0u 
233U 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 
234U 𝜈̅𝑝 𝜈̅𝑝 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 
235U 𝜈̅𝑝 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 
238U 𝜈̅𝑝 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 
239Pu 𝜈̅𝑝 𝜈̅, 𝜈̅𝑝 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 
240Pu --- 𝜈̅𝑝 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 
241Pu 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 𝜈̅𝑝 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 
242Pu --- 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 𝜈̅, 𝜈̅𝑑, 𝜈̅𝑝 
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Table 14. Uncertainty in βeff for selected systems with different covariance data sets. 
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4.3. Benchmarks for the mean neutron generation time (Λeff) 

 
SUMMON calculates Λ𝑒𝑓𝑓  and its sensitivity profiles with the technique described in [Verboomen 2006]. With 

this technique, the system is perturbed by introducing a homogeneous atomic concentration 𝑁 of an isotope 
with a capture cross section of the shape A/v. Applying perturbation theory, the following relationship between 
the reactivity difference due to the perturbation and Λ𝑒𝑓𝑓  can be obtained:   

𝜌 − 𝜌0 = −𝑁 · 𝐴 · Λ𝑒𝑓𝑓 ⇒ Λ𝑒𝑓𝑓 = −
𝜌 − 𝜌0

𝑁 · 𝐴
 

where 𝜌 and 𝜌0 are, respectively, the perturbed and reference (unperturbed) values of the reactivity of the 
system. 

As stated above, experimental data for Λ𝑒𝑓𝑓  are much more scarcer than for β𝑒𝑓𝑓, only six systems having been 

identified. The Rossi-α (𝛼 = − 𝛽𝑒𝑓𝑓 Λ𝑒𝑓𝑓⁄ ) is more commonly found in the literature (24 systems) and hence may 
be more suitable for nuclear data validation, but it is beyond its work. Nevertheless, some general conclusions 
can be extracted:  

1) The agreement between experimental and calculated data is somewhat worse than for the case of 𝛽𝑒𝑓𝑓. 

However, the much larger range of variation of Λ𝑒𝑓𝑓  than of 𝛽𝑒𝑓𝑓  has to be taken into account.  

2) A strong, negative sensitivity (about -1) of Λ𝑒𝑓𝑓  to several fission-related data ((𝑛, 𝑓), 𝜈̅, 𝜈̅𝑝) is observed 

for all systems analysed, both fast and thermal. Some examples are presented in Table 15. This can be 

explained from the presence of the fission operator 𝐹̂ in the denominator of the definition of  Λ𝑒𝑓𝑓  in 

perturbation theory: 

𝛬𝑒𝑓𝑓 =
⟨𝜓†|1

𝑣𝜓⟩

⟨𝜓†|𝐹̂𝜓⟩
 

On the other hand, because of the expression in the numerator, a decrease in the neutron energy (i.e. 
in 𝑣) should result in an increase of the value of 𝛬𝑒𝑓𝑓. This explains the observed positive sensitivity to 

scattering reactions in the case of fast systems. Interestingly enough, in the case of the sole thermal 
system in the analysis (MB-01) the sensitivity to the 1H (𝑛, 𝑛) reaction is actually negative.  

3) The uncertainty due to nuclear data in Λ𝑒𝑓𝑓  is about 2-3% for fast systems while for the only thermal 

system studied is less than 1%. Results for the JEFF-3.3 library are presented in Table 16. The total 

uncertainty values are similar for the ENDF/B-VIII.0 and JENDL-4.0u libraries, although significant 

differences between libraries concerning individual reactions have been observed. However, no general 

trend has been identified.   
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Table 15. Λeff integrated sensitivity coefficients (ISCs) to for selected systems. 

 

Orsphere (HEU-MET-FAST-001) 

Reaction ISC (%/%) 
235U, (𝑛, 𝑛) 0.26 ± 0.08 
235U, (𝑛, 𝑛′) 0.20 ± 0.04 
238U, (𝑛, 𝑛) 0.012 ± 0.020 
238U, (𝑛, 𝑛′) 0.011 ± 0.012 
234U, (𝑛, 𝑛′) 0.009 ± 0.004 

… 
238U, 𝜈̅ -0.0165 ± 0.0010 

235U, (𝑛, 𝛾) -0.081 ± 0.005 
235U, 𝜈̅𝑝 -0.97 ± 0.06 
235U, 𝜈̅ -0.97 ± 0.06 

235U, (𝑛, 𝑓) -1.11 ± 0.07 
 

 

FR0-5 (IEU-MET-FAST-022) 

Reaction ISC (%/%) 
1H, (𝑛, 𝑛) 0.238 ± 0.005 

238U, (𝑛, 𝑛′) 0.087 ± 0.003 
63Cu, (𝑛, 𝑛) 0.037 ± 0.007 
65Cu, (𝑛, 𝑛) 0.021 ± 0.005 
235U, (𝑛, 𝑛′) 0.0193 ± 0.0015 

… 
238U, 𝜈̅𝑝 -0.2853 ± 0.0011 
238U, 𝜈̅ -0.2893 ± 0.0011 

235U, 𝜈̅𝑝 -0.704 ± 0.004 
235U, 𝜈̅ -0.707 ± 0.004 

235U, (𝑛, 𝑓) -1.051 ± 0.004 
 

 

MB-01 (LEU-COMP-THERM-077) 

Reaction ISC (%/%) 
238U, (𝑛, 𝛾) 0.0755 ± 0.0005 
235U, (𝑛, 𝛾) 0.0334 ± 0.0003 
16O, (𝑛, 𝛼) 0.001784 ± 0.000026 

109Ag, (𝑛, 𝛾) 0.00153 ± 0.00007 
115In, (𝑛, 𝛾) 0.00102 ± 0.00006 

… 
1H, (𝑛, 𝛾) -0.1059 ± 0.0005 
1H, (𝑛, 𝑛) -0.265 ± 0.009 

235U, (𝑛, 𝑓) -0.8171 ± 0.0028 
235U, 𝜈̅𝑝 -0.9064 ± 0.0023 
235U, 𝜈̅ -0.9129 ± 0.0023 

 

 
 
 

 
Table 16. Uncertainty in Λeff due to nuclear data. JEFF-3.3 covariance matrices.  

 
  

Orsphere (HEU-MET-FAST-100) 

Reaction ΔΛeff/Λeff (%) 

²³⁵U (n,n') ²³⁵U (n,n') 2.0 ± 0.4 

²³⁵U χ ²³⁵U χ 1.6 ± 0.4 

²³⁵U (n,n') ²³⁵U (n,f) -1.2 ± 0.4 

²³⁵U (n,n') ²³⁵U (n,γ) -1.05 ± 0.06 

²³⁵U (n,f) ²³⁵U (n,f) 0.94 ± 0.09 

²³⁵U (n,γ) ²³⁵U (n,γ) 0.68 ± 0.04 

²³⁵U (n,f) ²³⁵U (n,γ) -0.63 ± 0.04 

²³⁵U (n,n) ²³⁵U (n,n') -0.60 ± 0.12 

²³⁵U 𝜈̅ ²³⁵U 𝜈̅ 0.48 ± 0.03 

²³⁵U (n,n) ²³⁵U (n,f) 0.38 ± 0.08 

TOTAL 2.3 ± 0.4 
 

FR0-5 (IEU-MET-FAST-022) 

Reaction ΔΛeff/Λeff (%) 

²³⁵U (n,f) ²³⁵U (n,f) 1.95 ± 0.06 

²³⁵U χ ²³⁵U χ 1.05 ± 0.19 

²³⁸U (n,f) ²³⁸U (n,f) 0.67 ± 0.03 

²³⁸U (n,n') ²³⁸U (n,f) -0.568 ± 0.025 

²³⁵U (n,γ) ²³⁵U (n,γ) 0.555 ± 0.015 

²³⁵U (n,f) ²³⁵U (n,γ) 0.50 ± 0.05 

²³⁸U (n,n') ²³⁸U (n,n') 0.38 ± 0.19 

²³⁵U 𝜈̅𝑝 ²³⁵U 𝜈̅𝑝 0.368 ± 0.016 

²³⁸U 𝜈̅𝑝 ²³⁸U 𝜈̅𝑝 0.281 ± 0.008 

²³⁵U (n,n') ²³⁵U (n,f) -0.247 ± 0.012 

TOTAL 2.47 ± 0.10 
 

 
MB-01 (LEU-COMP-THERM-077) 

Reaction ΔΛeff/Λeff (%) 

²³⁵U (n,f) ²³⁵U (n,f) 0.5470 ± 0.0019 

²³⁵U 𝜈̅𝑝 ²³⁵U 𝜈̅𝑝 0.5080 ± 0.0013 

¹H (n,γ) ¹H (n,γ) 0.2703 ± 0.0012 

¹H (n,n) ¹H (n,n) 0.209 ± 0.005 

²³⁸U (n,f) ²³⁸U (n,f) 0.2078 ± 0.0017 

²³⁸U (n,n') ²³⁸U (n,f) 0.1843 ± 0.015 

¹⁶O (n,n) ¹⁶O (n,n) 0.154 ± 0.011 

²³⁵U χ ²³⁵U χ 0.150 ± 0.016 

²³⁸U (n,n') ²³⁸U (n,n') 0.121 ± 0.008 

²³⁸U (n,n) ²³⁸U (n,f) 0.0899 ± 0.0008 

TOTAL 0.922 ± 0.004 
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4.4. Recommendations 

 
The results of the review of the databases and the literature for reactor kinetics benchmark experiments allow 
us to make the following recommendations:  

- A relatively small number of benchmark systems with kinetic parameter information is available. Hence, 

a review of the documentation about former reactor kinetics experiments that may be conserved in 

institutions which operate or have previously operated research nuclear reactors is recommended.  

- 𝛽𝑒𝑓𝑓  is well suited for the validation of 𝜈̅𝑑 and 𝜈̅𝑝 data due to its high sensitivity to these data.  

- Λ𝑒𝑓𝑓, for its part, is well suited for validating fission-related data ((𝑛, 𝑓), 𝜈̅, 𝜈̅𝑝), and, to a lesser extent, 

scattering data. 
- Experimental values for the Rossi-α (𝛼 = − 𝛽𝑒𝑓𝑓 Λ𝑒𝑓𝑓⁄ ) are more commonly found in the literature than 

experimental values for Λ𝑒𝑓𝑓  and can also be used for nuclear data validation.  
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5. Fuel depletion benchmarks 

 

The database SFCOMPO (Spent Fuel Isotopic Composition), released and maintained by OECD/NEA, includes 
experimental assay data of spent nuclear fuel. These are mostly limited to nuclide composition data in 
combination with corresponding reactor operational histories and design data. The current version, SFCOMPO-
2.0 [Michel-Sendis 2017], was publicly released in June 2017.  

The SFCOMPO database generally includes some important components of the nuclide vector, mostly measured 
using destructive radiochemical analysis of samples consisting of segments of irradiated fuel rods of different 
types of reactors. Within the OECD/NEA WPNCS (Working Party on Nuclear Criticality Safety) SFCOMPO TRG 
(Technical Review Group), there is currently an effort underway to include experimental data on decay heat. 

In addition to cases present in the SFCOMPO-2.0 database, other experiments with spent nuclear fuel exist. For 
many cases of spent PWR and BWR fuel, decay heat was measured using the calorimeter located at the interim 
spent fuel storage facility CLAB in Sweden [CLAB 2006]. 

 

5.1. Overview of the SFCOMPO-2.0 database 

 
The SFCOMPO database comprises information about fuel samples (measured within the past 50 years) 
irradiated in different types of power reactors: 

- PWR (308 samples from 16 reactors) 

- VVER (67 samples from 7 reactors) 

- BWR (249 samples from 12 reactors) 

- CANDU (31 samples from 3 reactors) 

- AGR (63 samples from 3 reactors) 

- MAGNOX (4 samples from 2 reactors) 

- RBMK (41 samples from 1 reactor) 

Obviously, the reactor design data, which include the information about the material composition and geometry 
of fuel, moderator, cladding and possibly other components, primarily depends on the type of the reactor. 
However, for a given reactor type, the detailed design affects the final spent fuel composition. For example, for 
PWR, the following design parameters are important for the spent fuel composition [Romojaro 2022]: 

- Initial fuel composition: 

o UO2: 

  235U enrichment: affects reactivity and build-up of all actinides and to lesser extent fission 

products (in SFCOMPO: from 1.6874 wt.% to 4.66 wt.%). 

 236U contamination: primarily affects build-up of 237Np and 238Pu (in SFCOMPO: up to 0.033 wt.%, 

often not given). 

 Burnable absorbers: affects reactivity gradient with respect to burnup and neutron spectrum 

and local power distribution (in SFCOMPO: 14 or 16 fuel rods containing Gd2O3 within 17 × 17 

fuel assemblies). 

o MOX: 

 Pu content: affects build-up of heavier actinides (in SFCOMPO: from 5.5 wt.% to 6.011 wt.%). 

 239,241Pu enrichment: affects reactivity and build-up of heavier actinides (in SFCOMPO: from 

70.506 wt.% to 72.64 wt.%). 

- Fuel/moderator ratio: affects neutron spectrum which influences build-up of 239Pu and other heavier 

actinides (in SFCOMPO: fractional fuel volumes in unit cell from 0.44 to 0.51). 

- Soluble boron content in moderator: affects neutron spectrum which influences build-up of 239Pu and 

other heavier actinides (in SFCOMPO: up to 1920 ppm). 
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- Fuel pellet radius (or equivalently, at a fixed fuel/moderator ratio, rod pitch): self-shielding causes rim 

effect which affects reactivity, radial burnup (BU) distribution and build-up of nuclides which have highly 

non-linear dependence on BU, such as e.g. 244Cm (in SFCOMPO: from 0.4318 cm to 0.559 cm). 

- Cladding composition: affects reactivity and in case of Co impurity also gamma-ray activity and decay 

heat (in SFCOMPO: Zircaloy-4, sn-Zircaloy-4, ZIRLO and SS-348). 

In contrast to the design data, which solely rely on specifications and measurements, the operational history 
data to some extent rely on calculations and/or assumptions on nuclear data. The following parameters are 
important for the spent fuel composition [Romojaro 2022]: 

- Burnup (BU): is approximately proportional to the total number of fissions per initial metal atom (FIMA) 

and directly affects build-up of all actinides and all long-lived and stable fission products (in SFCOMPO: 

from 3.4 GWd/t up to 75 GWd/t). 

- Irradiation time (including detailed power history): at a given BU/FIMA it is important for build-up of 

short-lived nuclides (in SFCOMPO: from 215 d to 1970 d). 

- Cooling time: it directly the content of all radioactive nuclides and some stable nuclides. 

- Fuel and moderator temperatures: affects reactivity and build-up of all actinides and to lesser extent 

fission products (in SFCOMPO: in some cases, detailed information is given, in other cases assumptions 

need to be made based on power density, etc.). 

The measured observables are nuclide compositions and some other derived quantities. In total, compositions 
of about 100 nuclides were determined mostly based on radiochemical analysis, and to part based on NDA 
techniques. The latter primarily include gamma-ray spectrometry, in the future neutron emission measurements 
are possible (e.g. to determine the 244Cm content) [Schillebeeckx 2020]. In SFCOMPO, the following measured 
and derived quantities can be found: 

- Activities and activity ratios. 

- Nuclide compositions, number and mass ratios.  

- Concentrations, fractions or masses of individual elements or several elements (e.g. U+Pu). 

- “Depletion” (in terms of reduction of the nuclide concentration or mass). 

- BU/FIMA. 

The database thus offers a large variety of cases which enable comparison and validation of nuclear data. 
However, some general issues persist: 

- The detailed power history given is typically derived using full-core calculations from thermal power 

data measured on the reactor core level. Lack of information on assumptions done in the calculations 

to obtain the detailed local power history may, due to the lack of uncertainty data, result in hidden 

biases. 

- Similarly, (fuel and moderator) temperatures are rarely measured directly. When information on 

temperature profiles is given, it typically relies on calculations or simplified assumptions, which are often 

not stated explicitly. 

- Normalisation of depletion calculations can typically be done in one of the two following ways: 

o To BU: all nuclide compositions depend on the possible bias and uncertainty (which is most of the 

time not given) in BU as well as in the recoverable energy per fission. 

o To a burnup indicator (BI) nuclide (e.g. 148Nd) or a combination of BI nuclides: all nuclide 

compositions depend on biases and uncertainties in the given BI nuclide concentrations as well as 

in the BI nuclide fission yields and possible secondary production paths. 
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5.2. Computational analysis performed by JSI 

 
5.2.1. GU3 sample, NPP Gösgen 

 
Within the framework of the OECD/NEA WPNCS SG10, a C/E comparison was done for the GU3 sample from the 
PWR reactor from the Gösgen NPP in Switzerland. This case was chosen since the pin of the measured samples 
was moved to a different fuel assembly for the last cycle. The computational model was based on the benchmark 
proposed by the WPNCS SG7 report [Carmouze 2021] consisting of simplified irradiation history and design data. 
Some components of the nuclide vector obtained from Serpent calculations using ENDF/B-VII.1 library in 
comparison with experimental values are presented in Table 17. The results for the considered nuclides, 
normalised to measured 148Nd content, are consistent with most other participants, and also with experimental 
data, with a few notable exceptions: 

- 241,242mAm: There is an inconsistency with capture cross sections for 242gAm and 242mAm between Serpent 

and ENDF/B-VII.1 library. 

- 103Rh: Problems with the experimental data? 

- 234U: Most probably an issue with provided initial fuel composition. 

- 149Sm: Possible issues with the Serpent model. 

 

Table 17. Comparison of a part of the nuclide vector for the Gösgen NPP GU3 sample using Serpent model 
and ENDF/B-VII.1 nuclear data library. 

Nuclide C/E-1 / % 
Uncertainty 

Experimental / % ND / % 

234U 38.1 0.01   

235U 3.7 0.32 1.6 

236U -0.3 0.31 1.2 

238U -0.7 0.01 0.02 

241Am 13.7 0.79 1.7 

242mAm -28.8 5.29 2.6 

243Am 7.1 1.74 8.4 

237Np -11.7 3 2.9 

238Pu 6.1 0.28 4.2 

239Pu -0.9 0.19 1.6 

240Pu 1.7 0.15 1.9 

241Pu 0.1 0.28 1.5 

242Pu 0.8 0.02 3.7 

143Nd 2.9 0.28 3 

149Sm 19.1 1.05 6 

152Sm 3.3 0.32 3 

155Gd 8.3 1 12 

103Rh 27.6 2.44   

133Cs 2.8 0.94 0.6 

134Cs 0.1 1.44 4.1 

137Cs 1.9 0.52 0.7 

90Sr 4.0 0.32   

148Nd 0.1 0.29 0.4 

242Cm -2.4 2.02 2 

244Cm -1.2 1.57 9.5 
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5.2.2. Samples from NPP Calvert Cliffs-1 rods NBD107, MKP109 and MLA098 

 
Additionally, a C/E comparison for samples from NPP Calvert Cliffs-1 PWR reactor was performed. This NPP was 
chosen as its design is slightly unconventional with larger than usual guide tubes. Results for selected nuclides 
are presented in Table 18 - Table 20 and are consistent for stable (148Nd) and long-lived (239Pu) nuclides. For 
other nuclides major discrepancies are observed. Possible reasons include: 

- Biases in measurement method primarily for 137Cs, where gamma-ray spectrometry was used. 

- Operational history inconsistences, mainly control rod movement and power distribution history, which 

could greatly affect the local 137Cs content among other due to possible migration within the fuel pin. 

However, this seems to be less likely since the local burnup is within 0.3 % of measured value for all 

samples. 

- Inconsistencies in cooling time before measurement, this would affect both 241Am and 137Cs although 

for sample Q in rod NBD107 241Am prediction is consistent with the measurement. 

- Inconsistencies due to possible (unreported) Pu/Am chemical separation before the measurement. If 

this was done months before the mass spectroscopic measurement, it could significantly affect the 

measured 241Am (and 241Pu) content. 

- Unknown errors in the Serpent model. 

For samples from rod MLA098, predictions are consistent for all nuclides, which reduced the probability of the 
errors in the Serpent model, since modelled assemblies differ only by initial enrichment and operational history. 
Overall, the results are consistent for different nuclear data libraries. 

 

Table 18. C/E of composition for selected nuclides in rod NBD107 (assembly BT03); samples GG, MM and Q. 

ND library ENDF/B-VII.1 ENDF/B-VIII.0 JEFF-3.1 

Nuclide\Sample GG MM Q GG MM Q GG MM Q 
148Nd - - - - - - - - - 
137Cs 0.81(4) 0.78(4) 0.78(4) 0.81(4) 0.78(4) 0.78(4) 0.82(4) 0.79(4) 0.78(4) 
239Pu 0.97(2) 0.98(2) 0.99(2) 0.97(2) 0.97(2) 0.99(2) 0.97(2) 0.98(2) 1.0(2) 
241Am 1.48(5) 1.67(5) 1.08(5) 1.48(5) 1.65(5) 1.07(5) 1.48(5) 1.66(5) 1.09(5) 

 
 

Table 19. C/E of composition for selected nuclides in rod MKP109 (assembly D047); samples CC, LL and P. 

ND library ENDF/B-VII.1 ENDF/B-VIII.0 JEFF-3.1 

Nucl.\Sample CC LL P CC LL P CC LL P 
148Nd 1.01(-) 1.01(-) 1.02(-) 1.02(-) 1.01(-) 1.02(-) 1.02(-) 1.02(-) 1.02(-) 
137Cs 0.83(4) 0.82(4) 0.82(4) 0.83(4) 0.82(4) 0.82(4) 0.83(4) 0.82(4) 0.82(4) 
239Pu 0.9973(2) 1.0000(2) 1.0100(2) 0.993(2) 0.990(2) 1.000(2) 1.0042(2) 1.000(2) 1.0100(2) 

241Am 1.73(5) 1.84(5) 1.72(5) 1.71(5) 1.81(5) 1.71(5) 1.72(5) 1.82(5) 1.71(5) 

 
 

Table 20. C/E of composition for selected nuclides in rod MLA098 (assembly D101); samples CC, LL and P. 

ND library ENDF/B-VII.1 ENDF/B-VIII.0 JEFF3.1 

Nucl.\Sample BB JJ P BB JJ P BB JJ P 
148Nd - - - - - - - - - 
137Cs 0.97(4) 0.94(4) 0.98(4) 0.97(4) 0.97(4) 0.98(4) 0.98(4) 0.98(4) 0.98(4) 
239Pu 0.98(2) 0.98(2) 1.01(2) 0.97(2) 0.97(2) 1.01(2) 0.98(2) 0.98(2) 1.02(2) 
241Am 0.97(5) 1.13(5) 0.96(5) 0.96(5) 0.96(5) 0.95(5) 0.97(5) 0.96(5) 0.95(5) 
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5.3. Other fuel depletion experiments 
 

In collaboration with SCK CEN, two neutron transport codes were validated using CLAB spent nuclear fuel decay 
heat (DH) rate measurements [CLAB 2006], for fuel assemblies irradiated in 1980's and 1990's. In particular, at 
JSI DH rates were predicted using Monte Carlo (MC) neutron transport code Serpent version 2.31 [Leppänen 
2013] with ENDF/B-VII.1 nuclear data library. Aforementioned measurements include data from total of 66 
different fuel assemblies from both PWR and BWR reactors, all measured at CLAB using calorimetric and gamma-
ray scanning methods [CLAB 2006]. 

Operational history and assembly specifications were taken from CLAB [CLAB 2006] and US Nuclear regulatory 
commission [Nureg 2006] reports. With decay times ranging from 6500 days to 9000 days (i.e. 16 years to 25 
years) and burnup from 30 GWd/t to 54 GWd/t. Calculations were done using 2D model with reflective boundary 
conditions and assembly averaged parameters. This was deemed sufficient enough in particular for PWR cases 
where coolant density, burnup and power distribution among other parameters remain roughly homogeneous 
in axial direction. Exception are the top and the bottom parts, which roughly account for 25 % of whole assembly.  
On the other hands, for BWR cases strong axial parameter variations are observed. In regard to this, axial 
volumetric average parameters were used in calculations, with possible uncertainties in calculated results due 
to this simplification in mind.  

Results of the C/E comparison are presented in Figure 5 with regards to initial enrichment (ie) and burnup (BU). 
On average, a slight shift from over prediction at low ie to under prediction for higher ie is observed in BWR 
cases. This effect is not evident in PWR assemblies. This might be due to greater axial power gradients in higher 
enriched fuels mainly for BWR cases since the power is primarily controlled by control blades (which are not 
modelled due to insufficient data) and burnable absorbers which are not axially homogeneous. In PWR cases 
this might not be as pronounced due to usage of boric acid as primary absorber during operation, which is easily 
modelled since it is uniformly distributed in the moderator. Additionally, in BWR cases with higher initial 
enrichments less regulation is done with control blades and more with burnable absorbers (which are modelled). 
This is shown in Annex 4. Consequently, for higher enrichment cases operation is modelled more thoroughly 
thus lower C/E. As for burnup dependence, similar trend could be observed for higher burnups, with PWR cases 
being again less dependent on burnup and more evenly distributed around ideal prediction. For both reactor 
types, DH rate is on average overpredicted. 
 

 

Figure 5. DH rate C/E for all measured fuel assemblies in relation to initial enrichment (ie) and burnup (BU).    

During the simulation campaign, possible uncertainties due to abovementioned simplifications were estimated 
using so-called axial zoning, i.e. a simplified 3D model using 2D axial slices (in our case 25). Since such analysis 
was already conducted in the US Nuclear regulatory commission report [Nureg 2006] for calculations with 



38 

 

ORIGEN, we focused only on BWR cases where axial effects were shown to be of greater importance. Due to 
excessive computational time required calculations were done only for some cases. Those are presented in 
Figure 6, where it is evident that for cooling time in the range of DH rate measurements (i.e. 16 years to 25 
years) one-zone model underpredicts the DH for around 1 % (10288 assembly), which could be compensated by 
defining weighted axial parameter average, mainly for the moderator density. 
 

 

Figure 6. Ratio of DH rate calculated using assembly average parameters to explicit multi axial model (25 
axial zones) calculations for selected BWR assemblies as a function of cooling time. 

In addition, sensitivity to most important parameters was done and is presented in Figure 7. Burnup, which 
might vary for up to 5 % in the operational data, was shown to have greater effect on DH rate than the moderator 
density. Within the relevant cooling time range, DH rate sensitivity (S = change in DH rate [%]/ change in input 
parameter [%]) is slightly above 1. For moderator density, which in the 2D case varies only due to means of 
determining axial average from given axial distribution, the relative sensitivity is 4 times smaller by absolute 
value, but negative.  Asymmetry in S due to direction of parameter change is also observed primarily with burnup 
variation. 
A blind test on spent nuclear fuel was organised to compare the decay heat rates from 5 spent PWR fuel 
assemblies from previously unpublished measurements from the CLAB calorimeter [Jansson 2022]. JSI 
participated in this exercise with calculations using the computer codes Serpent and DRAGON using ENDF/B-
VII.1. By comparison of the 5 assembly cases with results from other participating research groups it was 
concluded that the statistical spread from using different computer codes, modelling assumptions and nuclear 
data libraries is significantly smaller than the difference of the calculated means from the experimental values. 
From the available results, it is not possible to conclusively determine the origin of this difference. Hypotheses 
are: hidden biases in nuclear data, incomplete irradiation history data, experimental biases, or other unknown 
sources. Further investigation is needed to pinpoint the sources of bias and reduce the final uncertainties.  

In order to address this issue, a more extensive blind exercise on decay heat, so-called SKB-50, which includes 
50 cases of both PWR and BWR assemblies for which decay heat rate was more recently (compared to the CLAB 
2006 cases) measured at the CLAB calorimeter, is planned for the near-term future. In parallel, work is being 
done on analysis and interpretation (including full uncertainty propagation) of the experimental data from the 
calorimeter. 

Apart from the measurements at the CLAB calorimeter, a number of measurements, often using NDA 
techniques, with spent nuclear fuel were performed independently. As an example, neutron emission 
measurements using a spent fuel rod segment sample from Tihange NPP (PWR) were performed at SCK CEN and 



39 

 

JRC Geel [Schillebeeckx 2020]. JSI has been involved with depletion calculation and development of the 
methodology for interpretation of experimental data. 

 

 

Figure 7. DH rate sensitivity S (S = change in DH rate [%]/ change in input parameter [%]) in relation to 
cooling time, for BWR 1177 (8 × 8) fuel assembly from Ringhals 1 NPP. Bold and shaded lines indicate S for  
positive and negative change in input parameter respectively (also annotated by matching up and down 

arrows i.e. up arrow indicates sensitivity to positive change in input parameters).   

 

5.4.  Computational analysis performed by UPM: a pin-cell benchmark computational exercise to 
assess the reactivity change with burnup (“the burnup issue”). 

 

Burnup is a complex issue which is related to the large underestimation of reactivity in LWR burnup calculations 
using recent nuclear data evaluations, JEFF-3.3 and ENDF/B-VIII.0. The aim of this work is to point out the main 
contributors of these reactivity changes [JEFDOC-2111, JEFF/BU, 2021]. This work has been performed using a 
simple “pin-cell” calculation for the analysis of reactivity change during burnup in LWRs. Table 21 shows a 
description of the pin-cell problem. 

Calculations have been performed with the deterministic code WIMSD5b, using the WIMSD-69g library 
processed with NJOY code: 

- JEFF-3.3 and ENDF/B-VIII.0 were processed in-house using WLUP procedures with NJOY2016. 

- JEFF-3.1 and ENDF/B-VII.1 are directly obtained from the IAEA/WLUP Project [WLUP].  

An extensive analysis and results of this exercise can be found at [UPM report: 2022-12-20/WP4-D4.6/R6]. This 
report summarizes the following results: 

- Reactivity modification along the burnup (60 GWd/MTU) using full evaluations of nuclear data (neutron 

induced evaluation, thermal scattering, fission yield and decay data).   

o ENDF/B-VII.1 (E71) vs ENDF/B-VIII.0 (E80) and JEFF-3.3 (J33) for depletion. 

o ENDF/B-VII.1 is used as the reference or base library because it is the evaluation used in the 

industry for depletion calculations. 

- Reactivity modification using the “same isotopes” predicted with ENDF/B-VII.1. 

- Changes in main actinides. 

- Changes in main fission products, assessing the impact of fission yields and decay data in reactivity 
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- Fission rates and neutron flux 

o Overestimation of 235U fission collapsed cross-section in PWR-like spectrum?  

o Necessity of ND validation with reaction-rates in thermal systems…  

- Reactivity modification: JEFF-3.3 -> ENDF/B-VIII.0 

o 238U 

o 238U + 235U 

o 238U + 235U + 239Pu 

o 235U + 238U + 239Pu + Fission Yields + Decay Data 

An example of reactivity changes during burnup is presented in Figure 8 and Table 22. Figure 8 shows the 
modification of reactivity with the reference library ENDF/B-VII.1 versus ENDF/B-VIII.0 and JEFF-3.3 as a function 
of burnup. In Table 22, a comparison of reactivity with the reference library ENDF/B-VII.1 shows that both 
ENDF/B-VIII.0 and JEFF-3.3 significantly underestimate the reactivity at high burnup. However, this reactivity 
underestimation is reduced if we use the isotopic composition predicted with ENDF/B-VII.1. So, we may 
conclude that the transmutation buildup is playing an important role in the “reactivity burnup issue”. 

Regarding this transmutation build-up, Figure 9 shows the modification of isotopic inventory for 239Pu. This figure 
shows changes as a function of the burn-up . These changes can be attibutted to the effective microscopic cross-
sections of mainly 238U(n,γ) and 239Pu(n,absortion) and the total neutron energy-integrated flux (calcualtions are 
performed at constant fission power). 

In order to investigate the main contributors to these differences in reactivity, a substitution of different nuclear 
data is performed. Figure 10 shows the main contributors in keff for the JEFF-3.3 and ENDF/B-VII.1 comparison. 
In this case, 239Pu, 238U, fission yields + decay data (FY+DD) and 235U are the main contributors. At 60 GWd/MTU, 
it can be seen that the FY+DD contribution is around -500pcm. However, this effect of FY+DD is not seen in 
ENDF/B-VIII.0 because FYs were taken over from ENDF/B-VII.1. 

Additionally, this work includes an analysis of the impact of FY+DD in the isotopic inventory of some important 
fission products for reactivity: 135I, 135Xe, 103Rh, 143Nd, 145Nd, 147Sm, 149Sm, 150Sm, 153Eu, 155Gd, 152Sm among others. 
An example of the impact of FYs can be seen in Figure 11. The Figure shows differences between a nuclear data 
library and ENDF/B-VII.1 in the 147Sm concentration as a function of the burnup. It can be seen that a substitution 
of FYs in JEFF-3.3 by those FYS of ENDF/BVII.1 will significantly modify the 147Sm concentration. The FYs/235U for 
147Sm in ENDF/B-VII.1 is 0.0085794 while in JEFF-3.3 is 0.010552. Hence, these differences may explain the 
differences observed in Figure 11. 

 

 

Table 21. Pin-cell Benchmark for burnup calculations 

 

Fuel Cladding Moderator 

Temperature 873.0 K 608.52 K 583.0 K 

Material 
UO2 

(3.1% 235U enrichment) 
Zirconium 750 ppm Boron 

Size 

(in cold conditions) 

Outer-radius: 

0.409575 cm 

Outer-radius: 

0.474980 cm 

Pitch pin-cell: 

1.259840 cm 

POWERC – constant 36.22 MW/MTU 
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Table 22. Reactivity changes (in pcm) in the pin-cell benchmark for different burnup steps. 

 

ENDF/B-VIII.0 - ENDF/B-VII.1 JEFF-3.3 - ENDF/B-VII.1 

 Nuclide 

composition with 

ENDF/B-VIII.0 

Nuclide 

composition with 

ENDF/B-VII.1 

Nuclide 

composition with 

JEFF-3.3 

Nuclide 

composition with 

ENDF/B-VII.1 

BOC No Xenon -70 -70 +235 +235 

BOC Xenon Eq. -55 -2 +380 +325 

60 GWd/MTU -550 -65 -1500 -275 

NOTE: BOC=Begin of Cycle 

 

 

Figure 8. Reactivity modification at pin-cell level 3.1w/o UO2. 

 
Figure 9. Nuclide modification: 239Pu at pin-cell level 3.1w/o UO2. 
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Figure 10. Reactivity modification at pin-cell level 3.1w/o UO2. Main contributors. 

 

 
Figure 11. Nuclide 147Sm modification as a function of fission yields and decay data.  

 

5.5. Recommendations 

 
Based on the overview of the SFCOMPO database and analyses performed with spent nuclear fuel, the following 
general recommendations can be given: 

- Inclusion of decay heat data in the SFCOMPO database is strongly encouraged. These efforts are already 

underway within the framework of the OECD/NEA WPNCS SG12. 

- Addition of measurements using NDA techniques in the SFCOMPO database is also strongly encouraged. 

Whereas some results of gamma-ray measurements are already included, especially neutron emission 

measurements have the potential to provide complementary insight and contribute to improved spent 

nuclear fuel characterisation. 
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- In many cases, a more detailed description of method of burnup determination and uncertainty 

assessment would be highly recommended or even required. Since the entire calculated nuclide vector 

depends on normalisation, this requirement would improve the accuracy and uncertainty assessment 

of all C/E comparisons. 

Regarding the reactivity change with the burn-up, the main conclusions of the work performed can be 
summarized as follows: 

- There is a need of a joint evaluation for depletion issues: 235U-238U-239Pu … + fission yields / decay data. 
In particular, more work is needed on fission yields is needed to understand their impact in the 
reactivity. There is also a necessity of sensitivity coefficients which may depend on burnup and 
enrichment 

- Simple burn-up calculations are very effective, and we have to introduce them in the nuclear data 
validation routine. A list of simple benchmarks should be defined that are representative of specific data 
and that can be checked by everybody with several codes. In particular, new JEFF-4Tbeta evaluations of 
238U should be tested in depletion calculations, because 238U plays an important role in the build-up of 
239Pu.  
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6. Summary and conclusions 

 

In this report we present a review of the state-of-the-art of benchmarking and validation of nuclear data. This 
includes both conventional criticality benchmarks and other type of benchmark experiments (shielding 
experiments, kinetic parameters, fuel depletion experiments). Some of the major points discussed in this 
document are:  

- Even in the most conventional case of using criticality benchmarks (ICSBEP database) for validating 

nuclear data, it must be taken into account that validating a specific type of nuclear data requires and 

adequate selection of representative benchmarks with high sensitivity to the specific nuclear data. This 

involves using sensitivity values provided in some database and/or performing dedicated sensitivity 

calculations. Some general steps and criteria have been presented, alongside with some examples (123-

Mosteller’s suite, JEFF iron Working Group, selection of benchmarks for testing the unresolved 

resonance range and selection of LCT benchmarks for criticality safety analysis).  

- Shielding benchmarks (SINBAD database) offer an alternative path for nuclear data validation. However, 

the SINBAD database is less developed than the ICSBEP database and should be used with more care. A 

considerable amount of work is being carried out to improve the quality of the SINBAD database.  

- Regarding kinetic parameter (βeff and Λeff) benchmarks, there is a limited number of data available in the 

IRPhE database, but additional experimental values can be found in other databases (ICSBEP) or the 

scientific literature. βeff is highly sensitive to 𝜈̅𝑝 and 𝜈̅𝑑, while Λeff shows a high sensitivity to main fission-

related data ((𝑛, 𝑓), 𝜈̅, 𝜈̅𝑝) and, to a lower extent, to scattering cross sections of the main nuclides 

contributing to neutron moderation. The Rossi-α (𝛼 = −𝛽𝑒𝑓𝑓/Λ𝑒𝑓𝑓) is another parameter that can be also 

used for nuclear data validation, with the advantage of having experimental information available for 

more systems than from Λeff. 

- Fuel depletion benchmarks, such as the ones included in the SFCOMPO database, represent an 

additional path for nuclear data validation, being particularly useful for data such as fission yields or the 
238U(n,γ) and 239Pu(n,absortion) cross sections. Proposed improvements include the inclusion of decay 

heat data, a better characterization of spent fuel through non-destructive techniques (e.g. neutron 

emission measurements) and a more detailed description of the fuel burn-up history.  
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Annex 1. List of SINBAD fission, fusion and accelerator shielding benchmarks 

 

Table 23. Fission Shielding Experiments in SINBAD. Benchmarks with quality review include notes. Codes in 
brackets mean that inputs are available, but not yet included in the database. 

 
 
 

Benchmark Shielding material Detectors Computer code input 

ASPIS Iron  (♦♦) Fe 1.2m Au, Rh, In, S foils, NE213 scintillator DOT3.5 

ASPIS Iron 88 (♦♦♦) steel 67 cm Au, Rh, In, S, Al foils MCBEND, DORT, TORT, 
MCNPX/-5, (SERPENT) 

ASPIS Graphite 

(♦♦♦) 

graphite 0.7 m Rh, In, S, Al foils DOT3.5,  MCNPX/-5 

ASPIS PCA REPLICA 

(♦♦♦) 

H2O /Fe shield Mn, Rh, In, S, 235U foils, SP-2,  
NE213 scintillator 

DOT3.5,TORT, TRIPOLI-
3, -4, MCNPX/-5/-6.1 

ASPIS Water (♦♦♦) H2O  50 cm S foils, NE213 scintillator TRIPOLI, MCNPX/-5 

ASPIS n-gamma 

Transport (♦♦♦) 

H2O /steel arrays Rh, S, Mn foils, TLD, ionization chamber MCNPX /-5 

NESDIP-2 (ASPIS)    

(♦/♦♦) 

H2O /stainless steel 
(SS) 

S, In, Rh foils MCNPX /-5 

NESDIP-3 (ASPIS) 

(♦♦♦) 

PWR radial shield, 
cavity  

Rh, S foils, H proportional counters, NE213 
scintillator 

MCBEND, MCNPX/-5 

JANUS Phase I (♦♦♦) mild & stainless steel Mn, Au, Rh, S foils, H  proportional 
counters, NE213 scintillator 

MCBEND, MCNPX/-5 

JANUS Phase VIII 

(♦♦♦) 

mild steel and Na Mn, Au, Rh, S foils  MCNPX /-5 

Ispra Na (EURACOS) 

(♦♦) 

Na 360 cm S, Au foils, H proportional counters MCNP3 

Ispra Fe (EURACOS) 

(♦♦) 

Fe 130 cm S, In, Rh, Au foils, NE213, gas proportional 
counters 

MCNP3, MCNP4C 

Cadarache Sodium 

(HARMONIE) (♦) 

Na Rh, S, Na, Mn, Au foils, SP2 proton recoil 
spectra (relative measurements) 

ANISN, DOT3.5 

Karlsruhe Iron 
Sphere 

Fe 15-40 cm proton recoil, He-3 spectrometers None 

Wuerenlingen Iron 
(PROTEUS) 

Fe, stainless steel 80 
cm 

Rh, In, S foils, SP2 proton recoil spectra None 

Neutron Leakage 
from Water Spheres 
(NIST) 

H2O fission chambers (235,238U, 237NP, 239Pu) MCNP 

Streaming Through 
Ducts (IRI-TUB) 

Ducts (air) Fe, Ni, In, Mn, Au, Sc foils, TLD DOT3.5 

Gamma Production 
Cross Sections from 
Thermal Neutron 
Capture 

Fe, SS, N, Na, Al, Cu, 
Ti, Ca, K, Cl, Si, Ni, Zn, 
Ba, S 

NaI (Tl) crystal None 

Gamma-ray  
Production Cross 
Sections from Fast 
Neutron Capture 

Fe, O, Al, Cu, Zi, Ti, K, 
Ca, S, Si, Ni, Ba, S, 
stainless steel 

NaI (Tl) crystal None 

JASPER Advanced 
Reactor Axial Shield  

stainless steel, B4C Bonner balls, NE213 scintillator, proton-
recoil counters, Hornyak button detector 

None 
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Table 24. Fission Shielding Experiments in SINBAD (cont.) 

 

Benchmark Shielding material Detectors Computer code input 

JASPER Advanced 
Reactor 
Intermediate Heat 
Exchanger  

Na Bonner balls, NE213 scintillator, proton-
recoil counters 

None 

JASPER Advanced 
Reactor Radial Shield  

stainless steel, 
graphite, B4C, boral, 
Na 

Bonner balls, NE213 scintillator, proton-
recoil counters 

None 

ORNL TSF Iron 
Broomstick  

Fe NE213  None 

ORNL TSF Oxygen 
Broomstick  

O NE213 scintillator None 

ORNL TSF Nitrogen 
Broomstick 

N NE213 scintillator None 

ORNL TSF Sodium 
Broomstick  

Na NE213 scintillator None 

ORNL TSF Stainless 
Steel Broomstick  

4-inch-diameter 
oxygen 

NE213 scintillator None 

ORNL Neutron 
Transport Through 
Fe & SS - Part I  

iron and stainless 
steel 

NE213 scintillator None 

ORNL Neutron 
Transport in Thick Na  

Na NE213 scintillator None 

Pool Critical 
Assembly-Pressure 
Vessel Facility  

core-to-cavity region 
in a LWR 

Np, U, Rh, In, Ni, Al foils None 

University of Illinois 
Iron Sphere (CF-252)  

shell of iron NE213  scintillator None 

University of Tokyo-
YAYOI Iron Slab  

iron slabs, up to 20-
cm-thick 

NE213 scintillator, spherical proportional 
detectors of H2 and CH4 gas 

None 

PV monitoring in NRI 
LR-0 VVER-440 

VVER-440 pressure 
vessel neutron 
dosimetry 

Neutron spectra by proton recoil None 

PV monitoring in NRI 
LR-0 VVER-1000 

VVER-1000 PV 
neutron dosimetry 

Neutron–gamma spectra using scintillation 
spectrometer 

None 

Balakovo-3 VVER-
1000 

VVER-1000 ex-vessel 
neutron dosimetry 

Np, U, Nb, Ni, Fe, Ti, Cu, Nb foils DORT 

VENUS-3 LWR-PVS 

(♦♦♦) 

3 loop Westinghouse 
LWR pressure vessel 

Ni, In, Al foils MCNP4B, TORT, DORT 

H.B. Robinson-2 
Pressure Vessel 

3 loop LWR in-/ex-
vessel n dosimetry 

Cu, Ti, Fe, Ni, U, Np foils DORT, MCNP 

RFNC  Photon 
Leakage Spectra  

Al, Ti, Fe, Cu, Zr, Pb, 
238U spheres 

stilbene scintillation  MCNP5 

RFNC Photon 
Spectra from H2O, 
SiO2 and NaCl 

H2O, SiO2 and NaCl stilbene scintillation  MCNP5 

IPPE Th shell  with 14 
MeV & 252Cf neut. 

(♦♦♦) 

Th shell  r=13 cm fast scintillator  MCNP4C 

IPPE Bi shell  with 14 
MeV & 252Cf neut 

(♦♦♦) 

Bi shells r=12 cm fast scintillator  MCNP4C 
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Table 25. Fission Shielding Experiments in SINBAD (cont.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Benchmark Shielding material Detectors Computer code input 

Baikal-1 Skyshine 

Benchmark  (♦♦♦) 

Heavy serpentinite 
concrete, 1.1-1.4 m 
thick; steel 

several spectrometers MCNP 

NAÏADE 1 Graphite 
Benchmark  

Graphite (60cm) 32S(n,p), 103Rh(n,n’), 31P(n,p), silicon diodes, 
55Mn(n,γ), 197Au(n,γ), 115In(n,γ) 

TRIPOLI 

NAÏADE 1 Iron 
Benchmark 

Fe (60cm) 31P(n,p), silicon diodes, 103Rh(n,n’), 
55Mn(n,γ), 115In(n,γ), 197Au(n,γ), fission 
chambers (237Np, 235U & 239Pu) 

TRIPOLI 

NAÏADE 1 Light 
Water Benchmark 

H2O (60cm) 31P(n,p), 103Rh(n,n’), silicon diodes, 32S(n,p), 
photomultiplier, 115In(n,γ), 197Au(n,γ), BF3 
counters, 55Mn(n,γ) 

TRIPOLI 

NAÏADE 1 Concrete 
Benchmark 

Concrete (60cm) 31P(n,p), 103Rh(n,n’), silicon diodes, 
115In(n,γ), 197Au(n,γ), 55Mn(n,γ) 

TRIPOLI 

Photon Skyshine  
Benchmark 

air gamma spectra by ionization chamber None 

SNL Polyethylene 
Reflected Pu Metal 
Sphere- Subcritical 
Neutron and Gamma 
Measurements 

stainless steel 304 • gross neutron counter 
• neutron multiplicity counter 
• high-resolution gamma spectrometer 

None 
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Table 26. Fusion neutronics shielding experiments in SINBAD. Notes are included for quality reviewed 
compilations. Codes in brackets mean that inputs available, but yet to be included. 

 

Benchmark Shielding material Detectors Computer code input 

OKTAVIAN Ni 

Sphere (♦♦♦) 

Ni sphere r=16 cm NE213 scintillator (TOF) MCNP5, (SuperMC) 

OKTAVIAN Fe 

Sphere  (♦♦) 

Fe sphere r=50.32 
cm 

TOF: NE213 scintillator, Li-6 glass scintillator MCNP5, (SuperMC) 

OKTAVIAN Al 

Sphere (~♦♦♦) 

Al - 10 cm NE218 scintillator (TOF), NaI crystal MCNP5, (SuperMC) 

OKTAVIAN W 

Sphere (~♦♦♦) 

W – 10 cm NE218 scintillator (TOF), NaI crystal MCNP5, (SuperMC) 

OKTAVIAN Si 

Sphere (~♦♦♦/♦♦) 

Si – 20 and 30 cm NE218 scintillator (TOF), NaI crystal MCNP5, (SuperMC) 

OKTAVIAN Mn 

Sphere (~♦♦♦) 

Mn – 60 cm NE218 scintillator (TOF) MCNP5 (X) (SuperMC) 

FNS Graphite 
Cylindrical 

Assembly (~♦♦♦) 

graphite 31.4 cm x  
61.0 cm 

fission chambers (235U,238U,232Th, 237Np), 
fission track detectors, Al, Ni, Zr, Nb, In, Au 
foils, NE213, TLD 

DOT3.5, MCNP5, 
(SuperMC) 

FNS Liquid Oxygen 

(♦♦♦) 

liquid O 20 cm NE213 scintillator (TOF) DOT3.5, MCNP5, 
(SuperMC) 

FNS Vanadium 

Cube (~♦♦♦) 

V cube 25.4 x 25.4 
x 25.4 cm3  

NE213, proton recoil counters (PRC), BF3 
counter, Al, Nb, In, Au foils, BC537, TLD 

MCNP5, (SuperMC) 

FNS Tungsten 

(~♦♦♦) 

W (2r=62.9 cm, h= 
50.7 cm) 

NE213, PRC, BF3 counter, Al, Nb, In, W, Au 
foils, BC537, TLD 

MCNP5, (SuperMC) 

FNS Skyshine (♦♦)  rem-counters, 3He, BF3, Ge detectors, NaI 
crystal 

 MCNP5, (SuperMC) 

FNS Dogleg Duct 
Streaming 

(♦♦/♦♦♦) 

iron slab 170 cm x 
140 cm x 180 cm 

NE213 scintillator; Nb, In, Au foils,   MCNP5, (SuperMC) 

FNS fusion 
neutronics (1983-
1991)  

Li, Pb-Li, Pb-Li-C, 
Be-Li, Be-Li-C, Li2O  

NE213 scintillator; foils DOT3.5, MCNP5 

FNG-SS Shield 

(integral) (~♦♦♦) 

stainless steel 60 
cm 

Al, Fe, Ni, In, Mn, Au foils MCNP5, DORT, 
(SuperMC) 

FNG-ITER Blanket 
Bulk Shield 

(integral) (♦♦♦) 

ITER inboard shield Al, Fe. Ni, Nb, In, Mn, Au foils, TLD-300  MCNP5, DORT, 
(SuperMC) 

FNG/TUD ITER 
Blanket Bulk Shield 

(spectra) (~♦♦♦) 

ITER inboard shield NE213 scintillator MCNP5 

FNG-ITER Neutron 
Streaming (integral) 

(♦♦♦) 

ITER shielding 
system 

Nb, Al, Ni, Au foils, TLD-300 MCNP5, DORT 

FNG-ITER Dose 
Rate Experiment 

(♦♦♦) 

stainless steel/ H2O 
assembly 

Ni foils, TLD-300 MCNP5 

FNG Silicon Carbide 

(integral) (♦♦♦) 

SiC (45.72 x 45.72 x 
71.12cm3) 

Au, Al, Nb, Ni foils, TLD MCNP5, DORT, 
TWODANT  
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Table 27. Fusion neutronics shielding experiments in SINBAD (cont.) 

Benchmark Shielding material Detectors Computer code input 

FNG/TUD Silicon 
Carbide (spectra) 

(~♦♦♦) 

SiC (45.72 x 45.72 x 
71.12cm3) 

NE213 scintillator  MCNP5 

FNG Tungsten 

(integral)  (♦♦♦) 

W block 42-47 x 
46.85 x 49 cm3 

Au, Mn, In, Ni, Fe, Al, Zr, Nb foils TLD MCNP5, DORT, 
TWODANT 

FNG HCPB Tritium 
Breeder Module 

(♦♦♦) 

metallic Be with 2 
layers of Li2CO3 

Au, Ni, Al and Nb foils, Li2CO3 pellets (T 
breeding), TLD-300 

MCNP5, DORT-TORT 

FNG/TUD W 

(spectra) (~♦♦♦)  

W block 42-47 x 
46.85 x 49 cm3 

NE213 scintillator MCNP5 

TUD Iron Slab 

Experiment (~♦♦♦) 

iron slab 30 cm NE213 scintillator MCNP5 

IPPE Vanadium 

Shells (~♦♦♦) 

V spheres r=5 & 12 
cm 

fast scintillator  MCNP4C 

IPPE Iron Shells 

(♦♦♦) 

Fe spheres r=4.5-
30 cm 

fast scintillator  MCNP4C 

ORNL 14-MeV 
Neutron SS/ 
Borated Poly Slab  

stainless steel NE213 scintillator None 

University of Illinois 
Iron Sphere (D-T)  

Fe sphere 
r=38.1cm 

NE213 scintillator None 

KANT Spherical 
Beryllium Shells  

Be shells 5, 10, 17 
cm thick 

NE213, Bonner sphere MCNP 

MEPhI empty slits 
streaming exp. 

Fe shielding with 
empty slits 

In, Zn, Al, Fe, F, 233U foils, TLD, stilbene 
crystals 

MCNP4C2 

Juelich Li Metal 
Blanket 

stainless steel Li2CO3 samples in Al sample holders, TLD 
detectors and activation foils 

MCNP 
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Table 28. Accelerator Shielding Experiments in SINBAD (benchmarks with quality review include notes). 

Benchmark Shielding material Projectile Detectors 
Computer code 

input 

Transmission of n & γ 
Generated by 52 

MeV p (♦♦) 

C (< 64.5 cm thick), Fe 
(< 57.9 cm), H2O  
(< 101 cm), concrete 
(<115 cm) 

52 MeV protons on C 
target 

NE213 scintillator MCNPX 

Transmission of n & γ 
generated by 65MeV 
p 

concrete, Fe, Pb, 
graphite (10-100 cm 
thick) 

65 MeV protons on 
Cu target 

NE213 scintillator None 

AVF75-Transmission 
of Medium Energy 
Neutrons Through 
Concrete Shields 

(1991) (♦♦)1 

concrete 75-MeV proton 
beam incident on a 
stopping-range Cu 
assembly 

7.6-cm-diameter x 
7.6-cm-long NE-213 
scintillator 

MCNPX1 

Neutron Production 
from Thick Targets of 
C, Fe, Cu, Pb by 30 & 
52-MeV Protons 
(1982) 

stainless steel 316 30- and 52-MeV 
protons incident on 
C, Fe, Cu, and Pb 
targets 

NE 213 scintillator MCNPX 

TIARA 40 and 65 MeV 
Neutron 

Transmission (♦♦♦)1 

Fe (130 cm), concrete 
(< 200 cm),  
polyethylene (< 180cm) 

43 and 68 MeV 
protons on Li-7 
target 

BC501A, Bonner 
ball, fission 
counters, TLD, 
SSNTD 

MORSE-CG, 
HETC-KFA2, 
DORT, MCNP4B, 
LAHET, (more 
MCNP to be 
included) 

Radioactivity Induced 
by GeV-Protons 
&Spallation Neutrons 
(2001) 

B, C, Al, Fe, Cu, Nb, 
HgO, Pb, Pb, acrylic 
resin, SS-316, Inconel 

2.83  and 24 GeV 
protons on mercury 
target 

HPGe None 

Intermediate and 
High-Energy 
Accelerator Shielding 
Benchmarks 

C, Al, and Fe 113 and 800 MeV 
protons  

BC-418 plastic 
scintillators 

None 

ROESTI I, II and III Fe and Pb (100 cm 
thick) 

200 GeV/c hadrons 
(2/3 p+,1/3 π+) 
(Roesti I&III), 24 
GeV/c p+ (Roesti II) 

In, S, Al, C foils, RPL FLUKA92 

CERF Bonner Sphere 
response to charged 
hadrons 

polyethylene/Cd/Pb 120 GeV/c positive 
hadrons( 1/3 p and 
2/3 π) 

Bonner sphere - a 
SP9 3He counter 

FLUKA 

CERF Radionuclide 
Production (~2003) 

steel, Cu, Ti, concrete, 
light materials (e.g. C 
composites, B- nitride) 

120 GeV/c mixed 
hadrons (1/3 p, 2/3 
π+) 

Germanium (HPGe) 
for gammas 

FLUKA 

CERF Residual Dose 
Rates (2003) 

Al, Cu,  Fe, Ti, concrete 
 

120 GeV/c mixed 
hadrons (1/3 p , 2/3 
π+) 

NaI crystal   FLUKA 

CERF shielding 
experiment at CERN 
(2004) 

cylindrical Cu target 120 GeV/c mixed 
hadron (1/3 p, 2/3 
π+) 

NE213 organic 
liquid scintillator 

MARS15 

1 Quality evaluation performed under NEA contract, available to be included in SINBAD. 
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Table 29. Accelerator Shielding Experiments in SINBAD (cont.) 

Benchmark Shielding material Projectile Detectors 
Computer code 

input 

CERN 200 and 400 
GeV/c protons 
activation 
experiments (1983) 

Cu targets  
 

200 GeV/c and 400 
GeV/c extracted 
protons  
 

Thermo-, photo-
luminescent & 
optical absorption 
glass dosimeters, 
Al, Au, S, Cu foils & 
plastic scintill. 

None 

RIKEN Quasi-
monoenergetic 
Neutron Field (70-
210 MeV)  

air 70 – 210 MeV 
protons on 7Li 

NE213 scintillator 
(TOF)  

None /  
EXFOR reference 

KENS p-500 MeV 
shielding experiment 
at KEK 

concrete 500MeV protons on 
thick W target 

Activation of Bi, Al, 
In and Au foils 

MARS14 

HIMAC He, C, Ne, Ar, 
Fe, Xe and Si ions on 
C, Al, Cu and Pb 

targets (♦♦♦) 

C, Al, Cu and Pb targets 100-800 MeV/ nuc. 
He, C, Ne, Ar, Fe, Xe 
& Si ions 

NE213 & NE102A 
scintillators 

MCNPX 

HIMAC/NIRS High 
Energy Neutron (up 

to 800 MeV) (♦♦) 

Fe (up to 100 cm) 400 MeV/nucleon C 
ions on Cu target 

Neutron spectra by 
Self-TOF, NE213 

MCNPX  

HIMAC/NIRS High 
Energy Neutrons (< 

800 MeV) (♦♦) 

Concrete (up to 250 
cm) 

400 MeV/nucleon C 
ions on Cu target 

Self-TOF, NE213, Bi 
and C foils 

MCNPX 

BEVALAC Experiment 
- Nb Ions on Nb & Al 

Targets (♦♦♦)1 

Nb (0.51 and 1 cm 
thick) and Al (1.27 cm 
thick) 

272 & 435 
MeV/nucl. Nb ions 

NE-102 scintillator MCNPX1 

MSU 155 MeV/ 
nucleon He & C ions 

on Al target (♦♦♦) 

Al (13.34 cm) 155 MeV/nucleon He 
and C ions 

BC-501, NE213 
(TOF) 

MCNPX 

PSI - High Energy 
Neutron Spectra 
Generated by 590-
MeV Protons on Pb 

Target (♦/♦♦)1 

Pb target (60 cm) 590 MeV protons NE213 (TOF) MCNPX1 

ISIS Deep Penetration 
of Neutrons through 

Concrete & Fe (♦♦♦) 

Concrete (120 cm) and 
Fe (60 cm) 

800 MeV protons on 
Ta target 

C, Bi, Al, In2O3 foils, 
n & γ dosimeters 

MCNPX 

TEPC-FLUKA 
Comparison for 

Aircraft Dose (♦/♦♦) 

Air 60Co (γ), 0.5 MeV n 
source, AmBe 
source, CERN/ CERF 
(120 GeV p & π on 
Cu) 

TEPC None 

1 Quality evaluation performed under NEA contract, available to be included in SINBAD. 

 

Classification used: 

♦ ♦ ♦ Valid for nuclear data and code benchmarking 

♦ ♦ Benchmarks of intermediate quality, suitable for education and training 

♦ Benchmarks of historical interest 
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Annex 2. List of SINBAD benchmarks with quality review completed 

 
Table 30. SINBAD fission benchmarks with quality review completed (17 in total). Main domains requiring 

further attention and additional information needed are listed. 

Benchmark Improvement Additional information needed on 

ASPIS Iron  ~ ♦♦  neutron source description, positioning / 
dimension uncertainty, some specifications 
inconsistent or not complete 

ASPIS Iron-88 ~ ♦♦♦ 1 New MCNP model added. Missing information on detectors arrangement 
(e.g. stacking), gaps between the slabs and 
effect of the cave walls 

ASPIS Graphite  ♦♦♦ New MCNP model added. Additional information needed such as detector 
arrangement in the slots (some dimensions are 
inconsistent) 

ASPIS Water   ♦♦♦ New MCNP model added. Supplementary information needed on NE-213 
spectrometer, water tank dimensions 
(container, bowing effects) and experimental 
room 

ASPIS n/ water/steel 

arrays ~ ♦♦♦ 

New MCNP model added. Supplementary information needed on 
detectors arrangement, bowing of the water 
tanks, background subtraction and cave walls 
effect 

ASPIS PCA REPLICA   

♦♦♦ 

As above Supplementary information needed on set-up 
of the activation foils and rear wall of the ASPIS 
cave 

NESDIP-2   ♦ / ♦♦ - new MCNP model  - activation foils positioning & housing 
- background subtraction method 

NESDIP-3  ♦♦♦ 1 - new detailed MCNP model - activation foils positioning & housing  
- background subtraction method 

JANUS-1  ♦♦♦ - new detailed MCNP model - activation foils positioning & housing  
- background subtraction method 

JANUS-8   ♦♦♦ - new detailed MCNP model - activation foils positioning & housing 
- background subtraction method 

EURACOS Iron  ~ ♦♦ 1 New MCNP5 model, source 
model and uncertainty added. 

source (spectrum, spatial distribution), energy 
structure of the proton recoil spectra, neutron 
spectrometers response functions, additional 
details on the geometry (room return), on 
geometry and material composition 
uncertainties. Limited applicability – fast 
neutron attenuation in iron only. 

EURACOS Na ~ ♦♦ 1 - same as above - - same as above - 

HARMONIE  ♦ / too simplified description of geometry, 
materials and neutron source 

VENUS-3  ♦♦♦  Data 1st released to SINBAD, detailed 
evaluation done in ICSBEP 

BAIKAL-1  ♦♦♦  Data 1st released to SINBAD, detailed 
evaluation done in ICSBEP 

IPPE Th shell  with 14 
MeV & 252Cf  neutron 

source ~ ♦♦♦ 

 More details on collimator duct and detector 
needed, experimental bare 252Cf source spectra 
not available 

IPPE Bi shell  with 14 
MeV & 252Cf neutron 

source ~♦♦♦ 

 More details on collimator and detector 
housing needed, bare 252Cf source spectra not 
available 
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Table 31. SINBAD fusion neutronics benchmarks with quality review completed (25 in total). Main domains 
requiring further attention and additional information needed are listed. 

Benchmark Improvement Additional information needed on 

OKTAVIAN W n/ spec. 

~ ♦♦♦ 

- new routine & detailed MCNP 
model 
- benchmark data evaluation 

- background subtraction method 
- γ source measurements  
- γ detector response function 

OKTAVIAN Al ~ ♦♦♦ - new routine & detailed MCNP 
model 
- benchmark data evaluation 

- neutron flight path parameter 
- background subtraction method 
- γ source measurements & γ detector response 
function 

OKTAVIAN Fe  

~ ♦♦♦ or ♦♦ 

- new routine MCNP model - very large measurement uncertainties 

OKTAVIAN Si 60cm ~ 

♦♦♦, 

- new routine & detailed MCNP 
model 
- benchmark data evaluation 

- background subtraction method 
- γ source measurements & detector response 
function 

OKTAVIAN Si 40cm ♦♦ - new routine & detailed MCNP 
model 

- neutron flux measurements only available in 
graphical form 

OKTAVIAN Ni  ♦♦♦ - new routine MCNP model  

OKTAVIAN Mn  ♦♦♦ - new routine MCNP model supplementary information would be needed 
on background subtraction method and gamma 
source measurements 

FNG SiC  ♦♦♦ - neutron source re-evaluation  / 

FNG/TUD SiC   ~ ♦♦♦ - re-evaluation of benchmark 
source term 

- neutron & γ flux point–wise uncertainties 
- original pulse-height distributions 
- inconsistencies with FNG-SiC benchmark 
results 

TUD Iron slab   ~ ♦♦♦ - new routine MCNP model Supplementary information needed on neutron 
source and pulse height spectrum 

FNG Stainless Steel   

 ~ ♦♦♦ 

- neutron source re-evaluation - a comprehensive geometry description would 
be helpful 

FNG ITER Dose Rate   

♦♦♦ 

- neutron source re-evaluation / 

FNG/TUD ITER Bulk 

Shield  ~ ♦♦♦ 

- neutron source re-evaluation - neutron and gamma flux point–wise 
uncertainties 
- original pulse-height distributions 

FNG ITER Neutron 

streaming ♦♦♦ 

- neutron source re-evaluation / 

FNG W  ♦♦♦ re-evaluation of benchmark 
source term 

 / 

FNG/TUD W   ~ ♦♦♦ re-evaluation of benchmark 
source term 

- neutron & γ flux point–wise uncertainties 
- measured pulse-height distributions 
- inconsistencies with FNG–W bench.results 

FNG HCPB ♦♦♦   

FNS Graphite ~ ♦♦♦ - new detailed MCNP model - experimental unfolding technique,  
- activation foils positioning & housing 
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Table 32. SINBAD fusion neutronics benchmarks with quality review completed (cont.) 

Benchmark Improvement Additional information needed on 

FNS V ~ ♦♦♦ - new detailed MCNP model 
- benchmark data evaluation  

- experimental unfolding technique  
- activation foils positioning, uncertainty & 
housing 

FNS W ~ ♦♦♦  - new detailed MCNP model 
- benchmark data evaluation 

- unfolding technique of NE–213 measurements 
- activation foils positioning, uncertainty & 
housing 

FNS Iron dogleg-duct  

 ♦♦ 

/ - neutron source spectrum  
- neutron detector response function 

FNS Oxygen  ♦♦♦  - neutron effective flight path parameter 

FNS Sky-shine  ♦♦  - neutron source spectrum 

IPPE-V shells, 14 MeV 

n source ~ ♦♦♦ 

New 2D & 3D MCNP5 models 
prepared 

- collimator duct 

IPPE-Fe shells, 14 MeV 

n source  ♦♦♦ 

New 2D & 3D MCNP5 models 
prepared 

- collimator duct 

IPPE-Th shell with 14 
MeV & 252Cf neutron 
source 

2D&3D MCNP5 models prepared more details on collimator and detector 
needed, experimental bare 252Cf source spectra 
not available, 

IPPE-Bi shells with 14 
MeV & 252Cf neutron 
source 

 collimator and detector housing needed, bare 
252Cf source spectra not available 

MSU 155 
MeV/nucleon He & C 
ions on Al targets 

MCNPX model prepared / 
experiments are adequate for benchmarking of 
calculation models and codes 

Tokyo Uni. 
transmission through 
C, Fe, H2O & concrete 

52MeV protons 

MCNPX model prepared experimental information should be recovered; 
experimental uncertainty needed on: proton 
energy, density, H content in concrete, 
unfolding process 

ISIS 800 MeV protons 
(120cm Concrete & 
60cm Iron) 

MCNPX model prepared / 
experiment is adequate for benchmarking 
purposes 

HIMAC 400 MeV/ 
nucleon C ions on 
concrete shield 

PHITS model prepared reduction in unfolding uncertainty, estimate of 
experimental uncertainty should be obtained 
before these experiments could be used for 
benchmarking processes 

HIMAC 400 MeV 
nucleon C ions on Fe 
shield 

PHITS model prepared large measurement uncertainties, unfolding 
uncertainty and parameter uncertainties 
needed, 

HIMAC 100-800 
MeV/nucleon heavy 
ions 

MCNPX model prepared / 
experiments are adequate for benchmarking 
purposes 

 

 

 

 

 



56 

 

Table 33. SINBAD accelerator benchmarks with quality review completed (10 in total). Main domains 
requiring further attention and additional information needed are listed. 

Benchmark Improvement Additional information needed on 

MSU 155 MeV 
/nucleon He & C ions 

on Al targets (♦♦♦) 

MCNPX model prepared / 
experiments are adequate for benchmarking of 
calculation models and codes 

Tokyo Uni. 
transmission of 52 
MeV protons through 
C, Fe, H2O & concrete 

(♦♦) 

MCNPX model prepared experimental information should be recovered; 
experimental uncertainty needed on: proton 
energy, density, H content in concrete, 
unfolding process 

ISIS 800 MeV protons 
(120 cm Concrete & 

60 cm Iron) (♦♦♦) 

MCNPX model prepared / 
experiment is adequate for benchmarking 
purposes 

HIMAC 400 MeV/nucl. 
C ions on concrete 

shield (♦♦) 

PHITS model prepared reduction in unfolding uncertainty, estimate of 
experimental uncertainty should be obtained 
before these experiments could be used for 
benchmarking processes 

HIMAC 400 MeV/ 
nucleon C ions on Fe 

shield (♦♦) 

PHITS model prepared large measurement uncertainties, unfolding 
uncertainty and parameter uncertainties 
needed, 

HIMAC 100-800 MeV 
/nucleon heavy ions 

(♦♦♦) 

MCNPX model prepared / 
experiments are adequate for benchmarking 
purposes 

AVF75-Transmission of 
Medium Energy 
Neutrons Through 
Concrete Shields 

(1991) (♦♦)1 

New MCNPX model prepared Shortcomings: 
- complete lack of uncertainty information on the 
measured data 
- lack of information about the collimator 
geometry and materials 
- large uncertainty in results for 50 and 100cm 
concrete. 

TIARA 40 and 65 MeV 
Neutron Transmission 

(♦♦♦)1 

New MCNPX models prepared New review underway. 

BEVALAC Experiment - 
Nb Ions on Nb & Al 

Targets (♦♦♦)1 

New MCNPX models prepared.  

PSI - High Energy 
Neutron Spectra 
Generated by 590-
MeV Protons on Pb 

Target (♦/♦♦)1 

New MCNPX models prepared Found inadequate for the benchmarking due to 
complete lack of uncertainty information on 
the measured data. 
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Annex 3. Complete list of kinetics benchmarks 

 
NOTE: sensitivity profiles computed with the techniques described in section 4 are available at 
http://www.sanda-nd.eu/D4.6_sensitivity_profile_data_files for the systems with the following labels:    

❶ Sensitivity profiles for βeff  

❷ Sensitivity profiles for Λeff  

 

Table 34. Summary of 235U benchmark systems with kinetic information.  

System 
ICSBEP/IRPhE 

name 
βeff 

(pcm) 
Λ  
(s) 

α  
(s-1) 

References 

Godiva ❶ 
LANL 1950s  
94% UMET sphere 
No reflector 

HEU-MET-FAST-
001 

659 
± 10 

--- --- 
[Meulekamp 2006] 
[Leppänen 2014] 

Orsphere ❶❷ 
ORNL 1970s 
93% UMET sphere 
No reflector 

HEU-MET-FAST-
100 
ORSPHERE-FUND-
EXP-001 

657  
± 91 

5.94  
(± 0.08) 
× 10-9 

-1.1061  
(± 0.0009)  

× 106 

ICSBEP, p. 32 
IRPhE, p. 28-33 

Topsy ❶❷ 
LANL 1964-66 
93% UMET sphere 
Natural UMET reflector 

HEU-MET-FAST-
028 

665 
± 132 

1.74  
(± 0.03) 
× 10-8 

-38.2  
× 104 

[Meulekamp 2006] 
[Leppänen 2014] 
[ANL 6681] p.14 

Coral ❶ 
CIEMAT 1973 
90% UMET cylinder  
Natural UMET reflector 

HEU-MET-FAST-
062 

663 
± 17 

--- --- 
[De Francisco 
1973] 

ZPR-9/34 (ZPR-HEU) 
❶ 

ANL 1979 
93% 235U fuel.  
Reflected by SS 

HEU-MET-INTER-
001 

667  
± 2% 

--- --- 
[ANL-81-72] p. 7 
[Leppänen 2014] 

ZPR-3/23 
ANL 1959 
93% UMET/Al fuel 
Reflected by DU 

HEU-MET-FAST-
055 

--- --- 
-5.63  

 (± 2%) 
× 104 

[ANL 6681] p.14 

ZPR-9/4 
ANL 1964 
93% UMET + W core 
Al reflector 

HEU-MET-FAST-
060 

--- --- 
-5.19 

(± 5%)  
× 104 

[ANL 7007] p.34 

ZPR-9/6 
ANL 1959 
93% UMET/Al fuel 
Reflected by DU 

HEU-MET-FAST-
067 

--- --- 
-4.67  

(± 0.31) 
 × 104 

[ANL 7208] p. 99 

                                                 
1 βeff = 657 ± 2 pcm is reported in IRPhE and 657 ± 9 in ICSBEP. A lower value of βeff = 602 ± 8 pcm is reported in [Mihalczo 
1976], but it is considered wrong in IRPHE’s documentation.  
2 The values listed in [ANL 6681] p.14 are βeff = 690 pcm and Λ = 1.82 × 10-8 s. The value of Λ = 1.74 × 10-8 s has been 
calculated considering βeff = 665 pcm. 

http://www.sanda-nd.eu/D4.6_sensitivity_profile_data_files
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Table 35. Summary of 235U benchmark systems with kinetic information (cont.) 

System 
ICSBEP/IRPhE 

name 
βeff 

(pcm) 
Λ  
(s) 

α  
(s-1) 

References 

ZPR-9/7 
ANL 1959 
93% UMET/Al fuel 

Reflected by DU 

HEU-MET-FAST-
070 

--- --- 
-1.51  

(± 0.95) 
 × 103 

[ANL 7208] p. 99 

ZPR-9/8 
ANL 1959 
93% UMET/W/Al/Al2O3 

core  
Al/Al2O3/Be/BeO 
reflector 

HEU-MET-FAST-
070 

--- --- 
-1.27  

(± 0.27) 
 × 103  

[ANL 7208] p. 99 

FCA-XIX-1 ❶ 
JAEA 1996-98 
94% 235U /C core 
(depl.) UO2/Na reflector 

--- 
742 
± 24 

--- --- 
[Okajima 2002] 
[Leppänen 2014] 
[Kodeli 2017] 

MASURCA R2 ❶ 
CEA 1993-94 
75% 235U fuel 
(depl.) UO2/Na reflector  

--- 
721 
± 11 

--- --- 
[Okajima 2002] 
[Leppänen 2014] 
[Kodeli 2017] 

Big Ten ❶ 
LANL 1971  
10% 235U fuel 
(depl.) U reflector 

IEU-MET-FAST-
007 

720 
± 7 

--- --- 
[Meulekamp 2006] 
[Leppänen 2014] 
[Kodeli 2017] 

ZPR-6/9 (ZPR-U9) ❶ 
ANL 1980-81  
9% 235U fuel 
DU reflector 

IEU-MET-FAST-
010 

725 
± 2% 

--- --- 
[ANL-81-72] p. 7 
[Leppänen 2014] 

ZPR-3/41 
ANL 1962 
16% UMET/Al/SS core 
DU reflector 

IEU-MET-FAST-
012 

--- --- 
-5.55 

(± 3%) 
× 104 

[ANL 6681] p.14 

ZPR-9/1 
ANL 1964 
~11% UMET core 
Al reflector 

IEU-MET-FAST-
013 

--- --- 
-8.67 

(± 5%) 
× 104 

[ANL 7007] p.34 

ZPR-9/2 
ANL 1964 
~16% UMET + W core 
Al reflector 

IEU-MET-FAST-
014 

--- --- 
-6.9 

(± 5%) 
× 104 

[ANL 7007] p.34 

ZPR-9/3 
ANL 1964 
~21% UMET + W core 
Al reflector 

IEU-MET-FAST-
014 

--- --- 
-6.57 

(± 5%)  
× 104 

[ANL 7007] p.34 

ZPR-3/6F 
ANL 1957 
47% U/Al/SS core 
DU reflector 

IEU-MET-FAST-
015 

--- --- 
-9.4 

(± 3%)  
× 104 

[ANL 6681] p.14 
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Table 36. Summary of 235U benchmark systems with kinetic information (cont.) 

System 
ICSBEP/IRPhE 

name 
βeff 

(pcm) 
Λ  
(s) 

α  
(s-1) 

References 

ZPR-3/11 
ANL 1958 
~12% U core 
DU reflector 

IEU-MET-FAST-
016 

--- --- 
-10.3 

(± 3%)  
× 104 

[ANL 6681] p.14 

ZPR-6/6A 
ANL 1969-70 
DU/Na/FeO/depl. U3O8 

/93% 235UMET core 
DU reflector 

IEU-COMP-FAST-
001 

--- --- 
-10.0 

(± 5%)  
× 104 

[ANL 7007] p. 34 

FR0-3X ❶ 
Studsvik 1964-71 
20% UMET/C core 
Copper reflector 

IEU-MET-FAST-
022 

7193  
± 16 
774  
± 17 

--- --- 

ICSBEP, p. 57 
[Kockum 1970]  
Table 2, p. 13 
[Moberg 1972] 
Table 7, p. 17 
[Moberg 1973] 
Table II, p. 348  

FR0-5 ❶❷ 
Studsvik 1964-71 
20% UMET/CH2/C/Al core 
Copper reflector 

IEU-MET-FAST-
022 

7354  
± 18 
752  
± 18   

2.845  
(± 0.03)  
× 10-7 

--- 

FR0-8 ❶ 
Studsvik 1964-71 
20% UMET/CH2/C core 
Copper reflector 

IEU-MET-FAST-
022 

7356  
± 16 
780  
± 17   

--- --- 

BFS1-73 ❶ 
IPPE (Russia) 1997 
18.5% UMET/Na core 
Depl. UO2 reflector 

BFS1-LMFR-EXP-
001 

7207 
± 27 
740 
± 15 

--- --- 
IRPhE, p. 40 
[Kodeli 2017] 

TCA 1.83U8 ❶ 
JAEA (Japan) 1964 
2.6% UO2 fuel rods 
Water moderator 

LEU-COMP-
THERM-006 

771 
± 19 

--- --- 
[Nakajima 2001] 
[Meulekamp 2006] 
[Leppänen 2014] 

MB-01 ❶❷ 
IPEN 2014-16 
4.35% UO2 fuel rods 
Water moderator 

LEU-COMP-
THERM-077 
IPEN(MB01)-LWR-
RESR-001 

750 
± 19 

31.96 
(± 1.06) 
× 10-6 

--- IRPhE, p. 228-229 

 

 

 

                                                 
3 Upper value from [Moberg 1972] and lower value from [Moberg 1973]. 
4 Upper value from [Moberg 1972] and lower value from [Moberg 1973]. 
5 Taken from [Kockum 1970] table 2, p. 13. Measured in a slightly subcritical configuration. Rossi-α values also listed, but 
all correspond to subcritical configurations.   
6 Upper value from [Moberg 1972] and lower value from [Moberg 1973]. 
7 Upper value was measured with the 252Cf source technique and lower value was measured with the Rossi-α technique. A 
weighted average value of 735 ± 13 is recommended.  
8 βeff measurement described in [Nakajima 2001] was performed in a variant of the 1.83U lattice described in the benchmark 
(cases 4 to 8) with a cylindrical instead of square arrangement of fuel rods.  
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Table 37. Summary of 235U benchmark systems with kinetic information (cont.) 

System 
ICSBEP/IRPhE 

name 
βeff 

(pcm) 
Λ  
(s) 

α  
(s-1) 

References 

Winco Slab Tanks9   
LANL 1989 
93.1% uranyl nitrate sol. 
No reflector 

HEU-SOL-THERM-
038 

150010 
± 12% 
1450 
± 13% 

--- 

-1109.3 
± 0.3% 
-1152.7 
± 1.2% 

[Spriggs 1993] 
[Meulekamp 2006] 
[Leppänen 2014] 

Stacy run 29 
JAEA 1995 
10% uranyl nitrate sol. 
Water reflector 

LEU-SOL-THERM-
004 

--- --- 
-122.7  
± 4.1 

[Tonoike 2002] 
[Meulekamp 2006] 
[Leppänen 2014] 

Stacy run 30 
JAEA 1995 
10% uranyl nitrate sol. 
Water reflector 

LEU-SOL-THERM-
004 

--- --- 
-126.8  
± 2.9 

[Tonoike 2002] 
[Meulekamp 2006] 
[Leppänen 2014] 

Stacy run 33 
JAEA 1995 
10% uranyl nitrate sol. 
Water reflector 

LEU-SOL-THERM-
004 

--- --- 
-116.7  
± 3.9 

[Tonoike 2002] 
[Meulekamp 2006] 
[Leppänen 2014] 

Stacy run 46 
JAEA 1995 
10% uranyl nitrate sol.  
Water reflector 

LEU-SOL-THERM-
004 

--- --- 
-106.2  
± 3.7 

[Tonoike 2002] 
[Meulekamp 2006] 
[Leppänen 2014] 

Stacy run 125 
JAEA 1997 
10% uranyl nitrate sol.  
Water reflector 

LEU-SOL-THERM-
016 

--- --- 
-152.8  
± 2.6 

[Tonoike 2002] 
[Meulekamp 2006] 
[Leppänen 2014] 

Stacy run 215 
JAEA 1998 
10% uranyl nitrate sol.  
No reflector 

LEU-SOL-THERM-
021 

--- --- 
-109.2  
± 1.8 

[Tonoike 2002] 
[Meulekamp 2006] 
[Leppänen 2014] 

 

 

 

 

 

 

 

 

                                                 
9 In [Meulekamp 2006] it is stated that the measurements correspond to Case 5 in the benchmark, we consider it to 
correspond more likely to Case 1 (no absorber/reflector). Nevertheless, in [Spriggs 1993] it is stated that the critical 
separation between uranyl tanks was ~9.9 cm, while in the benchmark’s documentation it is listed as 9.38 cm for Case 1 
and 9.27cm for Case 5.                         
10 Upper values for βeff and α were obtained with a single 3He detector and lower values were obtained with a combination 
of four 3He detectors in the assembly midplane. Experimental values for βeff seem too large; in [Spriggs 1993] inaccuracies 
in “the measurement of the intrinsic source strength of the fuel” are given as a possible explanation.                        
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Table 38. Summary of Pu and mixed fuel benchmark systems with kinetic information. 

System 
ICSBEP/IRPhE 

name 
βeff 

(pcm) 
Λ  
(s) 

α  
(s-1) 

References 

Jezebel ❶ 
LANL 1950s 
Pu sphere 
No reflector 

PU-MET-FAST-
001 

194  
± 10 

--- --- 
[Meulekamp 2006] 
[Leppänen 2014] 
[Kodeli 2017] 

Popsy ❶❷ 
LANL 1960s 
Pu sphere 
Natural UMET reflector 

PU-MET-FAST-
006 

276  
± 7 

1.21  
± 0.03  
× 10-8 

-22.9  
× 104 

[ANL 6681] p.14 
[Meulekamp 2006] 
[Leppänen 2014] 
[Kodeli 2017]  

ZPR-6/10 (ZPR-Pu) ❶ 
ANL 1981-82 
Pu/C/SS core 
SS/Fe reflector 

PU-MET-INTER-
002 

221.7  
± 2% 

--- --- [ANL-81-72] p. 7 

ZPR-3/59 ❶ 
ANL 1969 
Pu/C core  
Pb reflector 

PU-MET-INTER-
004 

233  
± 10 

--- --- [Carpenter 1972] 

ZPR-9/31 (ZPR-MOX) 
❶ 

ANL 1976-77 
(Pu, U)C core 
Depl. UC reflector 

MIX-COMP-FAST-
005 

381  
± 2% 

--- --- 
[ANL-81-72] p. 7 
[Leppänen 2014] 

SNEAK-7A ❶ 
KIT 1970-71 
MOX fuel  
Graphite reflector 

SNEAK-LMFR-
EXP-001 

395  
± 4% 

--- --- 

IRPhE p. 36 
[Fischer 1977] 
[Leppänen 2014] 
[Kodeli 2017] 

SNEAK-7B ❶ 
KIT 1970-71 
MOX fuel  
Natural UO2 reflector 

SNEAK-LMFR-
EXP-001 

429  
± 4% 

--- --- 

IRPhE p. 36 
[Fischer 1977] 
[Leppänen 2014] 
[Kodeli 2017] 

MASURCA Zona2 ❶ 
CEA 1993 
MOX/Na core 
(depl.) UO2/Na reflector 

--- 349 ± 6  --- --- 
[Okajima 2002] 
[Leppänen 2014] 
[Kodeli 2017] 

FCA XIX-2 ❶ 
JAEA 1996/98 
Pu/NU/Na core 
(depl.) UO2/Na reflector 

--- 364 ± 9 --- --- 

[Sakurai 1999] 
[Okajima 2002] 
[Leppänen 2014] 
[Kodeli 2017] 

FCA XIX-3 ❶ 
JAEA 1996/98 
Pu core 
(depl.) UO2/Na reflector 

--- 251 ± 4 --- --- 

[Sakurai 1999] 
[Okajima 2002] 
[Leppänen 2014] 
[Kodeli 2017] 
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Table 39. Summary of 233U benchmark systems with kinetic information. 

System 
ICSBEP/IRPhE 

name 
βeff 

(pcm) 
Λ  
(s) 

α  
(s-1) 

References 

Skidoo ❶ 
LANL 1961  
233U sphere 
No reflector 

U233-MET-FAST-
001 

290  
± 10 

--- --- 
[Meulekamp 2006] 
[Leppänen 2014] 
[Kodeli 2017] 

Flattop 23 ❶❷ 
LANL 1964 
233U sphere 
Natural UMET reflector 

U233-MET-FAST-
006 

360  
± 1411 

1.33  
(± 0.05)  
× 10-8 

-2.71  
× 105 

ICSBEP p. 6 
[Meulekamp 2006] 
[Leppänen 2014] 
[ANL 6681] p.14 
[Kodeli 2017] 
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Annex 4. Number of burnable absorber rods vs. initial enrichment in BWR CLAB 2006 cases. 
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