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Executive Summary 

In this work the TENDL 2015 nuclear data uncertainty of the JET structural materials has been 
propagated to uncertainties for neutron and photon flux around the JET KN2 irradiation ends and 
uncertainties for the reaction rate in KN2 for the two reactions 93Nb(n,2n)92mNb and 115In(n,n’)115mIn. 
The work has been performed for both DD and DT plasmas. For DD plasmas it is found that the 
uncertainty in the total neutron flux around KN2 is ~1 % and that the uncertainty in the 115In(n,n’)115mIn 
reaction rate is 1-2 %. For DT plasmas it is found that the uncertainty in the total neutron flux around 
KN2 is ~3 % and that the uncertainty in the 115In(n,n’)115mIn reaction rate is 3 - 4.5 %  and for the 
93Nb(n,2n)92mNb the uncertainty in the reaction rate is 1.1 – 2,6 %. The difference between average 
TENDL2015 values and FENDL2.1 is also investigated and the difference is found to be in the same 
range as the nuclear data uncertainty.  

It is  concluded that the uncertainty due to transport nuclear data needs to be included in the 
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uncertainty analysis for neutron yield determinations using activation foils; in particular for DT 
plasmas. Activation reactions with high thresholds, such as the 93Nb(n,2n)92mNb reaction can 
significantly reduce the transport nuclear data uncertainty. This observation needs to be considered in 
the selection of materials for the KN2 activation system. Further work on the underlying nuclear data 
co-variance information is needed to have more inclusive and justified co-variance information.   
 
 
Comments (shortcomings, deviations, etc.) 
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1 Short Introduction and Objectives of Work 

All measurements are associated with uncertainties.  In many applications the propagation of 
experimental uncertainties in different design and assessment processes is quite involved.  This is 
particularly true fusion facilities, where the propagation of uncertainties in fundamental quantities 
such as, e.g., cross sections, can affect important safety parameters. This report concerns applying 
novel methods in the field of nuclear data evaluation and uncertainty propagation [Kon12] for fusion 
applications, with a focus on neutron yield uncertainty determination at JET. The research has been 
conducted in the Total Monte Carlo / TENDL frame-work [TENDL13, Sjo13a], by the nuclear reaction 
group at Uppsala University (UU), together with the fusion diagnostic group at UU.  

The objective of the performed work has been to propagate nuclear data uncertainties to the JET 
activation systems (KN2) neutron yield determination.  The uncertainties due to nuclear data stems 
from two sources:  

1) The uncertainty in the nuclear data of the activation system. I.e., the propagated uncertainties 
due to nuclear data in the KN2 effective cross-section of the activation reaction such as the   
115In(n,n’)115mIn reaction. 

2) The uncertainties in the neutron flux due to uncertainties in the nuclear data in the structural 
material of JET. This nuclear data is in this report referred to as transport nuclear data.  

The specific objective of the work reported here is the:  

“Calculation of uncertainties on DD, DT n/gamma flux at potential irradiation positions (vertical ports) 
and KN2 – U3 by TMC code.”  As described in [PMP] milestone L11. 

The propagation of activation materials reaction cross-section uncertainties has previously been 
reported in Ref. [Sjo15] 
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2 Description of Work 

The reaction rate, R, per activation foil atom is determined by the energy dependent neutron flux,

( )EΦ , and the energy dependent reaction cross-section, ( )Eσ , by Equation 1.  

 ( ) ( )R E E Eσ= Φ ∂∫   (1) 

In order to get the reaction rate in the activation foil, R has to be multiplied with the number of atoms 
in the activation foil.  As can be seen in the equation the reaction rate is dependent both on the 
neutron spectrum and the absolute magnitude of the neutron flux. In order to study the effects of the 

cross-section, on can collapse the cross-section to a so called one group cross-section σ , also 

denoted effective cross-section in, e.g., Ref. [Sta15]. The effective cross-section is the cross-section 
folded with the normalized neutron spectrum NΦ as illustrated in Equation 2.   

 

( ) ( )

( ) ( )
( )

N

N

E E E
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Φ ∂

∫
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In terms of nuclear data, the reaction rate is dependent on two quantities. One is the activation cross-

section, ( )a Eσ σ= , which directly affects the reaction rate. The other is the cross-sections (including 

angular distributions) in the structural materials in the JET machine, which affects the flux and 
consequently also the reaction rate. Here we call these cross-sections transport nuclear data, σΦ .  

Since ( ), aR f σ σΦ=  and aσ  andσΦ  is independent and for small uncertainties we can assume 

linearity, standard uncertainty propagation can be performed:  

 2 2 2   
a

R R Rσ σΦ
∂ = ∂ +∂  (3) 

where 2R∂ is the variance of R  and 2
a

Rσ∂  is the variance with respect to aσ  and 2RσΦ
∂  is the 

variance with respect to σΦ . Consequently the uncertainty due to nuclear data in R, R∂  is  

 2 2   
a

R R Rσ σΦ
∂ = ∂ +∂  (4) 

In this report the 2RσΦ
∂  is derived and consequently also the corresponding uncertainty: RσΦ

∂ .  The 

uncertainties are reported using 115In(n,n’)115mIn  and 93Nb(n,2n)92mNb  for the activation reaction.  In 
addition, the uncertainties in the neutron- and gamma flux are also directly calculated for both DD and 
DT plasma.  All uncertainties are calculated using the TMC method.  
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2.1 The TMC method 

In the TMC method the TALYS based nuclear physics code system [Kon12] and experimental data are 
combined using brute force computing [Kon12]. This combination of nuclear theory and experiment 
allows associating uncertainties to nuclear data (ND). In the TMC method many different types of 
nuclear data can be analysed, such as transport data, e.g., cross-sections and angular distributions, and 
activation data.  

TMC starts from the probability distributions in nuclear model parameters. These distributions are 
sampled and a large set of random ND files (from now on referred to as random files) are created using 
TALYS. These ND files are subsequently processed into ENDF format. After some final processing the 
accepted random libraries are used to obtain distributions in macroscopic quantities of the physical 
system under study. The final spread in the observed macroscopic parameter is interpreted as the 
systematic uncertainty due to ND. In many cases, however, there can also be a contribution due to 
statistics, e.g., in the case of using MCNP.  Consequently, the variance due to statistics needs to be 
subtracted from the observed variance in order to obtain the variance in nuclear data [Fast TMC]. 

The set of random files constitutes TENDL, the Talys Evaluated Nuclear Data Library, where the file that 
best represents experimental data is the central value of the TENDL library and the spread of the 
random files are used to create the TENDL co-variance matrix. The TENDL is updated yearly and the 
different versions are referred to with their year of production, e.g., TENDL2015. Between TENDL2013 
and TENDL2015 there has been a transition in methodology for calibrating the spread of the nuclear 
data, i.e., the ND co-variance. Where as in TENDL2013, more qualitative comparisons against 
experimental data were used; TENDL2015 uses more quantitative methods including Bayesian 
updating [Kon15]. This could have large effects on the magnitude of the uncertainty and hence both 
TENDL 2012/TENDL2013 data as well as TENDL 2015 data is analysed in this work. However, finally, 
only TENDL 2015 data is presented in this report.  In the previous work within WP3JET [Sjo15] the 
method for calculating the 115In(n,n’)115mIn effective reaction cross-section and its uncertainties in JET 
spectra were described and will hence not be described here.  

2.2 Propagating transport nuclear data uncertainties to neutron spectra 
uncertainty and reaction rates.   

In this work, a JET MCNP model [Con] [Sta15] was used to calculate the flux and the activation in the 
JET activation systems referred to as KN2. Uncertainties for gamma fluxes, neutron fluxes, as well as 
activation coefficients (reaction rates) were calculated. The fluxes around the vertical port were 
primarily investigated (see Figure 1). This was also the deliverable within this project.  However, some 
additional structures were also investigated. The MCNP model used is shown in Figure 1 and 2.   
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Figur 1 JET MCNP Model. The area encircled in red marks the location of the activation foils and was the focus of this 
investigation.  

 

 

 

Figur 2 Zoom in of the MCNP model in Figure 1.  Zoomed in around the irradiation ends (IE). The figure also includes the cell 
numbers later referred to within this project.   

In the work the following isotopes were varied:  52Cr, 54, 56Fe, 58,60Ni, and  63,65Cu, since these were the 
isotopes considered to have the largest impact in the nuclear data uncertainty.  As mentioned above, 
TENDL contains the uncertainty both in respect to the cross-sections in all relevant reaction channels, 
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including cross- correlations, as well as the angular distributions. Consequently, all these uncertainties, 
with correlations, are propagated within this project for the above listed isotopes.       

The random ENDFs (random files) were obtained from the TENDL webpage [TENDL15] and processed 
with NJOY to ACE.  A combination of Bash and Python scripts were used to run MCNP ~300 times, each 
time with an unique  set of random files, i.e., with a unique representation of the nuclear data. The 
output was processed and analysed with a set of Python and Matlab scripts and the spread in the 
MCNP results with respect to the variation in nuclear data was inferred.  The uncertainty of the 
uncertainty was analysed according to the method outlined in Ref.  [Roch14] under the assumption of 
Gaussian distributions. 

The mean value of the flux and the reaction rates of the 300 random files were also analysed and 
compared to the results obtained when the FEND2.1 library. I.e., the deviation between TENDL and 
FENDL2.1 was investigated.           

3 Results 
In this section the uncertainty due to transport nuclear data (referred to as STD ND) for the different 
reaction rates (R), neutron (n) fluxes and photon (p) fluxes is presented.  The uncertainty of the nuclear 
data uncertainty is also included, referred to as Δ (STD ND). Furthermore, the difference between the 
average (of the ~300 calculations) TENDL2015 result and the FENDL2.1 result is presented. In addition, 
the statistical uncertainty (STD STAT) for each of the 300 calculations is presented. Note that the 

statistical uncertainty of the TENDL2015 mean will be 1 300  of the presented statistical 
uncertainty since ~300 independent calculations are performed. It should also be noted that in the 
cases where the statistical uncertainty is larger than the nuclear data uncertainty the results should be 
interpreted with care [Roch14].           

In Table 1, the results for DD-plasma using TENDL2015 is presented. Where the reaction rate is 
investigated the 115In(n,n’)115mIn reaction is used.  Note that in all cases in this report only the 
uncertainty due to the transport data is analysed and the uncertainty in the activation data has 
previously been reported [Sta15] [Sjo15].  Table 1 also compares against the FENDL2.1 results. 

Tabell 1 Results for DD plasma using TENDL2015; In column one is the description of the cell and the MCNP TALLY:  R is the 
reaction rate for the 115In(n,n’)115mIn reaction and n-flux is the total neutron flux. The cell numbers are also given (see 
Figure 2 for more details). Column two presents the difference between TENDL2015 and FENDL2.1 in percent. Column three 
presents the uncertainty due to TENDL2015 transport nuclear data. Column four presents the uncertainty of the nuclear 
data uncertainty.  Column five presents the statistical uncertainty of each MCNP TENDL calculation. 

  
Difference  FENDL vs. 

TENDL (%)  
STD ND 

(%) 
 Δ (STD ND) 

(%) 
STD STAT 

(%) 
Averaged IE flux 4 cells n-flux 1,1 - - 4,1 
Averaged IE flux 4 cells – R 2,9 - - 8,0 
417 Foam above IE n-flux 0,6 0,9 0,2 2,1 
417 Foam above IE – R 2,3 1,2 0,8 4,5 
411 - Air column above the cell n-flux 1,9 1,1 0,1 0,8 
411 - Air column above the cell – R 3,1 2,0 0,2 1,9 
395 - Intermediate port n-flux 1,8 1,1 0,1 0,4 
395 - Intermediate port – R 3,2 1,7 0,1 0,8 
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372 - Big area below the IE n-flux 1,3 1,0 0,05 0,2 
372 - Big area below the IE – R 1,8 0,8 0,04 0,3 

 

In Table 2 the results for DT plasma using TENDL2015 is presented, where also the uncertainty in the 
photon flux is analysed. Where the reaction rate is investigated, the 115In(n,n’)115mIn reaction is used.  
Table 2 also compares against the FENDL2.1 results.  

Tabell 2 Results for DT plasma using TENDL2015; In column one is the description of the cell and the MCNP TALLY:   R is the 
reaction rate for the 115In(n,n’)115mIn reaction, p –flux is the total photon flux and n-flux is the total neutron flux. The cell 
numbers are also given (see Figure 2 for more details). Column two presents the difference between TENDL2015 and 
FENDL2.1 in percent. Column three presents the uncertainty due to TENDL2015 transport nuclear data. Column four 
presents the uncertainty of the nuclear data uncertainty.  Column five presents the statistical uncertainty of each MCNP-
TENDL calculation.    

  
Difference FENDL vs. 

TENDL (%)  
STD ND 

(%) 
 Δ (STD ND) 

(%) 
STD STAT 

(%) 
Averaged IE flux 4 cells n-flux 0,53 2,6 0,4 3,9 
Averaged IE flux 4 cells – R 5,59 4,3 1,1 9,5 
417 Foam above IE n-flux 0,83 2,8 0,2 2,0 
417 Foam above IE – R 1,08 3,2 0,4 4,8 
411 - Air column above the cell n-flux 0,86 3,3 0,1 0,7 
411 - Air column above the cell – R 1,33 4,4 0,2 1,7 
395 - Intermediate port  n-flux 2,12 3,3 0,1 0,4 
395 - Intermediate port – R 3,71 4,5 0,2 0,7 
372 - Big area below the IE n-flux 2,48 2,9 0,1 0,2 
372 - Big area below the IE – R 4,40 3,8 0,2 0,4 
417 - Foam above IE p- flux - 4,1 0,3 3,8 
411 - p-flux - 3,1 0,2 1,3 
395 - p-flux - 3,4 0,2 0,6 
372 - p-flux - 3,8 0,2 0,4 

 

Table 3 also shows results for DT plasma using TENDL2015.  However, in Table 3 the reaction rate is 
investigated for the reaction 93Nb(n,2n)92mNb. Also, only the neutron flux above 7 MeV is investigated 
since the 93Nb(n,2n)92mNb reaction has a 9 MeV threshold.  

Tabell 3 Results for DT plasma using TENDL2015; In column one is the description of the cell and the MCNP TALLY:   R is the 
reaction rate for the 93Nb(n,2n)92mNb reaction and n-flux is the total neutron flux above 7 MeV. The cell numbers are also 
given (see Figure 2 for more details). Column two presents the difference between TENDL2015 and FENDL2.1 in percent. 
Column three presents the uncertainty due to TENDL2015 transport nuclear data. Column four presents the uncertainty of 
the nuclear data uncertainty.  Column five presents the statistical uncertainty of each MCNP TENDL calculation. 

  

Difference FENDL vs. 
TENDL (%)  

STD ND 
(%) 

 Δ (STD ND) 
(%) 

STD STAT 
(%) 

Averaged IE flux 4 cells n-flux 2,5 - - 4,8 
Averaged IE flux 4 cells – R 2,4 - - 4,9 
417 Foam above IE n-flux 2,2 2,1 0,3 2,8 
417 Foam above IE – R 1,8 1,9 0,3 3,0 
411 - Air column above the cell n-flux 2,6 2,9 0,2 1,3 
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411 - Air column above the cell – R 2,1 2,6 0,1 1,4 
395 - Intermediate port  n-flux 2,5 2,5 0,1 0,5 
395 - Intermediate port – R 2,1 2,2 0,1 0,5 
372 - Big area below the IE n-flux 1,3 1,4 0,1 0,2 
372 - Big area below the IE – R 0,9 1,1 0,05 0,2 

4 Discussion and Conclusion 

In this work the TENDL 2015 nuclear data uncertainty of JET transport data has been propagated to the 
neutron and photon flux around the JET KN2 irradiation ends and the reaction rate in KN2 for the two 
reactions 93Nb(n,2n)92mNb and 115In(n,n’)115mIn. The work has been performed for both DD and DT 
plasmas. For DD plasmas it is found that the uncertainty in the total neutron flux around KN2 is ~1% 
and that the uncertainty in the 115In(n,n’)115mIn reaction rate is 1-2 %. For DT plasmas it is found that 
the uncertainty in the total neutron flux around KN2 is ~3% and that the uncertainty in the 
115In(n,n’)115mIn reaction rate is 3-4.5 %  and for the 93Nb(n,2n)92mNb reaction rate is 1.1 – 2,6 %. The 
difference between TENDL2015 average values and FENDL2.1 is typical in the same range as the 
nuclear data uncertainty.  

From this work it can be concluded the uncertainty due to transport nuclear data needs to be included 
in the uncertainty analysis, in particular for DT plasmas. It is also noted that by using activation 
reactions with high thresholds, such as the 93Nb(n,2n)92mNb reaction the transport nuclear data 
uncertainty can be significantly reduced. It should be noted that even if TENDL2015 today is the 
nuclear data library with the most inclusive co-variance information, there are still co-variance 
information that needs to be added. There is a continues effort to improve the TENDL co-variance 
information, and this might both increase or decrease the final uncertainty estimates in the neutron 
yield estimates.    

5 References 

[Con] Private communication: Sean Conroy. 

[Hel15] P.  Helgesson, H. Sjöstrand,  A.Koning,  D.Rochman,  E.Alhassan,  S.Pomp, Incorporating 
experimental information in the TMC methodology using file weights, Nuclear Data Sheets, Volume 
123, 214–219, 2015 

[Kon12] A.J. Koning, D. Rochman, Modern Nuclear Data Evaluation with the TALYS Code System, 
Nuclear Data Sheets, Volume 113, Issue 12, December 2012, Pages 2841-2934, 

[Kon15] A. Koning, et al., Bayesian Monte Carlo method for nuclear data evaluation, Eur. Phys. J. A 
(2015) 51: 184 

[PMP] JET Project: Technological Exploitation of DT operation (WPJET3), Project Management Plan, 
JET3 NCAL  -  Characterisation of neutron field, activation and dose   

 Page 9 of 10 



 Final Report on Deliverable 

[Roch14] Dimitri Rochman, Winfried Zwermann, SC van der Marck, Arjan Koning, Henrik Sjöstrand, P. 
Helgesson, B. Krzykacz-Hausmann Efficient use of Monte Carlo: uncertainty propagation, Nuclear 
Science and Engineering 177 no. 3, 337, 2014 

[Sjo15] Henrik Sjöstrand , Sean Conroy, Arjan Koning and Dimitri Rochman,    The 115In(n,n’)115mIn 
effective reaction cross-section and its uncertainties in JET spectra determined by the Total Monte Carlo 
method- JET report submitted to  Paola Batistoni (2015) 

[Sta15] Gediminas Stankunas, Paola Batistoni, Henrik Sjöstrand, Sean Conroy, Measurements of fusion 
neutron yields by neutron activation technique: Uncertainty due to the uncertainty on activation cross-
sections, Nuclear Instruments and Methods in Physics Research Section A 788, 168-172, 2015 

[TENDL15] TENDL 2015. (http://www.talys.eu/tendl-2015/) 

 

 Page 10 of 10 


	1 Short Introduction and Objectives of Work
	2 Description of Work
	2.1 The TMC method
	2.2 Propagating transport nuclear data uncertainties to neutron spectra uncertainty and reaction rates.

	3 Results
	4 Discussion and Conclusion
	5 References

