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Experimental benchmarks in SINBAD

The validation of particle transport codes and nuclear data are necessary in the framework of the licensing
process of MYRRHA installations (Phase 1: 100 MeV accelerator+irradation target stations).

» Few accelerator shielding experiments performed with the medium proton energies and target materials are
relevant with the MYRRHA phase 1 project part.

SCK & JAEA collaboration to validate Mcnp6.2, Phits codes, and nuclear data using SINBAD experiments

SINBAD abstract No.

NEA-1552/03

NEA-1552/34

NEA-1552/31

NEA-1552/15

NEA-1552/23

NEA-1552/38

Facility

AVF cyclotron of the
TIARA facility in JAERI

Cyclotron of the Institute
of Nuclear Study (INS) at
the University of Tokyo

AVF cyclotron facility of
Osaka University

Cyclotoron in the Swiss
Institute for Nuclear
Research (SIN)

KEK Spallation Neutron
Source Facility (KENS)

Intense spallation neutron
source facility, ISIS, of the
Rutherford Appleton
Laboratory

Proton energy +
target
43 MeV and 68 MeV
proton on a thin "Li
target

52 MeV proton on a
thick C target

75 MeV proton on a
thick Cu target

590 MeV proton on a
thick Pb target

500- MeV proton on a
thick W target

800- MeV proton on a
thick Ta target

Shielding materials

Concrete, Iron

Graphite, Water, Concrete, Iron

Concrete

Concrete

Concrete, Iron
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We have been intensively trying to  validate the nuclear codes, proton and neutron libraries, which are  used for the shielding design of accelerator and experimental irradiation facilities. Moreover we were asked by safety authority to provide a validation and verification report with the experimental benchmarks. Therefore the accelerator experiments provided in SInBAD are very important for us in this matter.  

Even though there are few experiments are relevant for MYRRHA 100 MeV accelerator and target stations, under the freamwork JAEA and SCK collaboration, we are using all proton accelerator experiments to  benchmark the nuclear data, Mcnp and phits code to address the challenges and potential improvements in the considered nuclear libraries. 

In this presentation, I will show the results obtained for first four experiments. 


Calculation condition

MCNP®6.2 calculation configuration

Paltltje m Proton interactions PaltltDe m Neutron interactions
o different proton libraries .
JENDL-4.0/HE JEFF-3.3 neutron library
A TENDL-2017 D
ENDF/B-VII.O . .
(CEMO03.03 model in mix and match) (CEMO3.03 model in mix and match)
» different neutron libraries
JEFF-3.3
. JEFF-3.1.2
e JENDL-4.0/HE proton library JENDL-4.0/HE
B E ENDF/B-VIII.O
. . ENDF/B-VII.1
(CEMO03.03 model in mix and match) JENDL-HE
(CEMO03.03 model in mix and match)
C |» Physics models F | Physics models
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The calculation configuration considered in the calculations are summarized in this table.  As we are simulating the proton accelerator experiments, the source particle is always proton and neutron is always a secondary particle. it is important to underlie which library or model used for which kind of particle interactions. In this table first column is showing which libraries or models are used to determine the proton interactions with the target material. While second column shows which libraries or models are used to determine the created neutron interactions with the surrounding materials. 

For example pattern A: means that there different proton induced libraries are separately tested for proton interactions. CEM model is used in mix and match method, which menas that it is used to  transport neutrons and protons when no tabular data are available or above the energy range (20 to 150 MeV) where the data tables end. In case of pattern B: only JENDL-4.0/HE proton data is used. in case of C only physic models implemented in the code are used to transport protons and neutrons and to determine the all interactions.  

The pattern D means that only JEFF-3.3 neutron library is used for the neutron interactions. While Pattern E means that selected different neutron libraries are separately tested. 

So different calculation configurations were made by crossing these two columns. 

The experimental neutron source is not  used as our focus is to determine which proton library has the best behavior to produce the experimental spectrum. then using this proton library and different neutron libraries were tested. 


NEA-1552/03: 43-MeV proton beam, thin 7Li target

A+D configuration
(dif. proton lib.)+(JEFF-3.3 neutron lib)

Transmitted neutron flux measurement

Tiara (43 MeV p+ 7Li), Fe shield

10 cm Fe

10
proton ] Q...QQQQO eee,,

’Li target

detectors

10° 4

ator

® Exp.data @ on axis

Neutron Flux [n/cm?uCl/lethargy)

102 E ——=JENDL-4.0/HE (JAEA)
. 1 ——JENDL-4.0/HE (SCK)
MCNP model (B. Kos and I. Kodeli, INDC(NDS)-0785) [ TeNoLon
1 === CEMO03.03 I
10t . - T . ; . :
10 20 30 40

Energy (MeV)

*  JENDL-4.0/HE proton library (JAEA) processed with the NJOY2016 patch, which is developed by PHITS/JENDL team, gives the perfect
match with the experiment.

*  TENDL-2017 proton library fails to produce experimental data.

*  ENDF/B-VII.O0 proton library has proton data for 7Li up to 10 MeV.
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The results are shown here is obtained by simulating the TIARA experiment, one of the several high quality experiments included in the SINBAD.  This is top view of the TIARA facility with experimental arrangement. 
In this experiment the neutron source was produced by bombarding a 99:9 % 7Li target with a high energy proton beam from a cyclotron. The transmitted neutron fluxes were measured behind the test shield made of either iron or concrete. Two different beam energies, which are 43 MeV and 68 MeV are considered. Detector (BC501A scintillation counter)

top right I am showing the results obtained with different proton libraries keeping the JEFF-3.3 neutron library for all investigated cases. In this comparison graph, red solid line is obtained by using the JENDL-4.0/HE library send by Josuke from JAEA after struggling to obtain the correct results. You also see that the  results shown in green line, are also obtained using the JENDL library but it is processed by my college in SCK. The shape is correct but absolute values are lower than the experimental values. 

The obvious question is why two different behaviors are obtained using the same library? this problem occurs due to way of storing the data in JENDL library and NJOY processing code which fails to convert the data format a to format that MCNP and PHITS can work. The JENDL library send by Josuke was processed with  a developed NJOY2016 patch by PHITS/JENDL team and gives the perfect match with the experiment. 

I think it is obvious to say that TENDL, which is the library produced  by calculation models without consideration of microscopic experimental data, produces completely wrong results. ENDF/B-VII has proton data up to 10 MeV and thus the default physic model is used above 10 MeV. Therefore  the results shown for ENDF and CEM models are the same. CEM model wrongly produces the location of the neutron flux peak. 

Basically there are two ways of representing energy-angle distributions of outgoing particles in the ENDF-6 format that is used to store nuclear data [50].  Libraries ENDF/B and  TENDL store only energy distributions in center-of-mass frame while JENDL choses another option of storing data in angular and energy bins using laboratory frame. It should be noted that MCNP and PHITS cannot work directly with the data stored in condensed ENDF-6 format: an intermediate step of processing information from the condensed to continuous-energy format (when any data at any energy can be obtained by linear interpolation) is required. This is done using the NJOY2016 code system [51]. Regarding secondary particle energy-angle distributions, the data are converted into continuum spectra using empirical formulas [52]. For the laboratory frame representation NJOY2016 should convert the existing bins to cumulative probability bins. However, this procedure did not work with JENDL-4.0/HE data files that necessitated developing a patch to NJOY2016 by PHITS/JENDL team [53].



Neutron Flux [n/cm?/uCllethargy)

NEA-1552/03: 43-MeV proton beam, thin 7Li target

Tiara (43 MeV p+ 7Li), Fe shield

B+D configuration
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After determining that JENDL-4.0/HE is the best, the calculations were performed for the different thicknesses of iron and concrete. 

I investigated further to determine the impact of the neutron libraries on the transmitted flux behind the shield materials. On the left you will see the neutron fluxes obtained with the different neutron libraries behind the 1 m of iron. On the middle graph C/E ratios are shown for the same graph. There are large discrepancies coming from the iron data in different libraries. On the right side, C/E ratios with the calculated neutron fluxes behind the 1 m of concrete. Compared to the iron obtained ratio is more compact. The small differences occurs due to O, Si and Ca data. 







 
. 





Neutron Flux [n/cm?.uC.lethargy)

NEA-1552/03: 68-MeV proton beam, thin 7Li target

B+D configuration
(JENDL-4.0/HE proton lib.)+(JEFF-3.3 neutron lib.)
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Basically same calculations are repeated in case of proton beam energy is 68 MeV. on the left panel you can see the calculated neutron fluxes behind the different thicknesses of iron and on the right neutron fluxes behind the different thicknesses of concrete obtained with JENDL-4.0/He proton library and JEFF-3.3 library. 

Again larger differences are coming from neutron data of iron. 


NEA-1552/34: 52-MeV proton beam, thick C target

A+D configuration
(dif. proton lib.)+(JEFF-3.3 neutron lib)

Neutron yield measurement
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There are two different experimental arrangements for the neutron  and transmitted neutron flux measurements. Proton beam with 52 MeV energy hits the thick (2.145) cm-thick graphite target placed 5 cm from stainless-steel beam window. The energy and angular distributions of secondary neutrons were measured at 7°, 15°, 30°, 45° at 75° emission angles. 


First we wanted to know the impact of the beam window on the calculation results as the information about beam window is not always given in the documents that describes the experimental setup. 

Top middle figure shows the results obtained with different proton data libraries with and without beam window. What we have seen here that the impact of the beam window on the neutron yield with TENDL-2017 is rather small compared to the other two libraries. Significant drops in the neutron spectrum above 30 MeV were observed in absence of the beam window with ENDF/B-VII.0 and JENDL-4.0/HE. the file for 58Fe is missing in the ENDF/B-VII.0 library and files for isotopes of Cr and Ni, which are the major isotopes after iron content are not present in JENDL-4.0/HE. 


What about the impact of proton data of C isotopes on the results when the impact of the beam window is neglected? Two sets of test calculations were performed by changing the isotopic composition of the graphite target, with 13C (highlighted in the right panel of Figure 5 as 12C+13C) and without 13C isotope (highlighted as 12C).  the results are shown in darker and thicker lines when the target material consist of natural carbon. The results shown in thin and sallow color were obtained with the target contains only 12C isotope.  Even though the weight percentage of 13C (1.07%) in natural carbon is small, the neutron production cross sections in p+13C reactions are much higher than in p+12C.
 TENDL-2017 and JENDL-4.0/HE contain 12C and 13C data, while ENDF/B-VII.0 contains only 12C data. When TENDL-2017 is used, the contribution of 13C to the neutron yield is significant above 30 MeV and a peak appears at 40 MeV, where the neutron production cross section of TENDL-2017 is the highest. The difference in the proton beam energy hitting the graphite target with or without the beam window makes a tremendous impact on the high-energy part of the neutron spectrum. If only 12C is considered as a target material, the maximum neutron energy decreases by about 10 MeV, which is especially pronounced if TENDL-2017 is applied.

In case the beam window is included in the geometry, the proton beam loses a part of its energy in the stainless steel window and hits the graphite target with a somewhat smaller energy. The effect of 13C is then reduced. JENDL-4.0/HE gives almost the same results with or without 13C; ENDF/B-VII.0 shows a small contribution of 13C above 30 MeV, where the CEM03.03 physics model was used for 13C. In case of TENDL-2017, the contribution of 13C is visible above 15 MeV and becomes significant above 25 MeV.  The observed impact of 13C data in case with the beam window are similar for all other forward directions. 





NEA-1552/34: 52-MeV proton beam, thick C target

A+D configuration
(dif. proton lib.)+(JEFF-3.3 neutron lib)

Neutron yield measurement
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Before I gave a comparison for the results, I would like take your attention to the high energy tails of experimental spectra at 30° and 75°. As you can see that those parts are cut for unknown reason. Logically, the upper energy of the spectrum should gradually decrease with increasing angle, because since a large amount of energy is transferred to neutrons in the fast (INC) stage of the nuclear reaction, they should be centered in the forward direction. Therefore with increasing angle the contribution of these INC neutrons in the spectrum is reduced while the contribution of equilibrium neutrons emitted isotropically from excited compound nucleus is increased. 


Finally, the neutron yield spectra calculated with proton-induced libraries used in both MCNP6 and PHITS codes were compared with the experimental data. The neutron spectra calculated with PHITS and MCNP6 agree with each other for ENDF/B-VII.0 and TENDL-2017. Differences above 30 MeV in case of ENDF/B-VII.0 come from the different physics model calculations used for proton interactions with 13C in MCNP6 and PHITS. The default physics model is CEM03.02 in MCNP6 and INCL4/GEM in PHITS. 




NEA-1552/34: 52-MeV proton beam, thick C target

Transmitted neutron flux measurement
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Here, the experimental setup for the neutron spectra transmitted through the concrete shielding assembly is shown.  the transmitted neutron fluxes were measured behind different thicknesses of shield materials that placed behind the carbon target. 

On the right panel you can see the impact of the JENDL, TENDL and ENDF proton induced data. In all cases JEFF-3.3 neutron library is used. The first impression is that TENDL produces more or less reasonable results compared to the Li target experiment but still the worst. The best agreement with the measured neutron spectrum transmitted through the different shield materials is given by JENDL-4.0 below 30 MeV and ENDF/B-VII.0 above 30 MeV likely due to model calculations for proton interactions with 13C (there is no proton-induced data file for 13C in ENDF/B-VII.0)

Normally, Tendl is selected library to be used for MYRRHA shielding design calulations. The advantage of TENDL library is that it has proton induced data for more than 2800 isotopes. JENDL-4.0/HE library doesn’t cover the proton induced data for as much as TENDL. To prevent model calculations in mix and match mode, which may increase the computational running time and may have impact on the results, it is beneficial to use a library that covers all isotopes used in the material definition of the problem. However, depending on the nuclides relevant to the problem, the library based on TENDL is continuously improved by substituting some problematic files with more accurate evaluations, mainly from JENDL-4.0/HE. 
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NEA-1552/34: 52-MeV proton beam, thick C target
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the impact of the neutron libraries are showed here. In all cases JENDL-4.0/He proton data is used.  It is quite obvious that the shape of the neutron spectra is determine by JENDL proton data. The neutron spectrum profile would be different if TENDL library is used. So we can conclude that introduced uncertainty behind the shield materials are larger due to proton data compared to the those of neutron data. 





NEA-1552/31 : 75-MeV proton beam, thick Cu target
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In this neutron transmission experiment, a 1 cm thick Cu target was irradiated by 75 MeV protons (the proton beam range is 8 mm). The neutrons produced in the target were collimated to a cone of 7.5cm diameter inside a 50cm thick concrete wall. Behind the collimator the neutrons face a block of ordinary concrete acting as shielding. A neutron detector was placed at the other side of the shielding block and at beam axis. 


It might be concluded  that these experiments are not suitable for the benchmarking of calculation codes. This is mainly due to the complete lack of uncertainty information on the measured data, to the lack of information about the beam window characteristic, collimator geometry and materials and unphysical bumps seen in case of 50 cm and 100cm of concrete.  


However, this experiment is still important to determine the behavior of the proton data, since Cu is one of the candidate material to be used as a beam dump to stop proton beam in proton accelerator facilities. From the experimental data obtained with 20 cm shield thickness, at which unphysical fluctuations are less pronounced, we can conclude that this experiment is not completely useless and can be still used for benchmarking of the proton data. 

As for the MCNP inputs provided in the SINBAD data base, they don’t include the concrete block and paraffin.  Mcnp model given here is prepared for this task and A sensitivity analysis has been made on several variables that could have impact on the neutron spectrum. The results obtained with concrete block due to neutron scattering on it are closer to the experimental values as shown in these graphs. The paraffin does not have an impact on the high energy tail but may impact on the further thermalization of the neutrons.


After the geometry model is determined, the calculations were performed with two  proton induced libraries, which are Tendl-2017 and JENDL-4.0/HE. On the graph you will see that two different proton data were used. 40h is the one distributed in the JENDL, while 51h is distributed together  with  PHITS code. 

Although the fluctuations mentioned above are strongly seen, there is a good agreement between the TENDL and the experimental values. 



Unphysical dip around 40 MeV in the experimental neutron spectrum shape is probably an artifact of the data reduction procedure and therefore there are fluctuations due to subtraction of the background spectrum and probable response matrix errors for all the measured data through the concrete shields.  
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Presentation Notes
In this experiment, high energy particle spectra from a lead spallation target hit by 590 MeV protons were measured. The accurate knowledge of neutron spectrum leaking out from thick bare metal targets is important for a realistic estimate of the specifications of a spallation source. because the bare target data determine all subsequent particle transport in the moderator and the reflector of a particular target assembly. 







NEA-1552/15: 590-MeV proton beam, thick Pb target
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On the left side the results are shown obtained with physic models used for all proton interactions with the lead target material. The differences between the physic models are negligible. On the right side a comparison is given for Phist and Mcnp. In this case JENDL proton data is used up to 200 MeV, above 200 MeV default physic model of MCNP is used. That is CEM model. In case of phits INCL model is used. 

The general behavior we observe that an overestimation above 3 MeV and underestimation below 200 MeV. There is also difference between phits and mcnp results at the energy region 10 – 100 Mev. the given the fact that same JENDL data is used in both cases, this difference will be further investigated.






Conclusions

The quality of experimental data is questionable.
Uncertainties for the experiments should be provided.
The quality of documentation of the experiments should
be increased.

High quality proton induced library is required. Light-Z
targets (Li, C) are more difficult to deal with and deserve
special attention.

Proton induced libraries are responsible for the

production and spectra of the neutrons emitted from
target materials.

More experiments at different energies and different
target materials are necessary.


Presenter
Presentation Notes
The conclusions are given here based on overall experience we obtained during our benchmarking studies. 

-Fully reliable experiments is for us number 1 in all benchmark/validation studies. 

I can say that proton data  are  more crucial than neutron data, therefore this data needs special attention. However, still nuclear data development and evaluations is  more oriented on neutron data for reactor applications.

To determine the consistency and behavior of the nuclear data 

Once one will be able accurately predict this neutron production (both yields and double-differential cross sections), then further studies of transmission through shield might be performed, where indeed the neutron spectrum plays important role. 
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