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1. Introduction 
 
 The last and tested version (Ver.2) of the International Reactor Dosimetry File,  
IRDF-90 was released in 1993 [1-3], and another form of it was published in 1994, with 
improved format [4]. This library has already become old and, better quality cross section 
data have become available for a number of dosimetry reactions during the last years. The 
reliability of the reactor dosimetry results, used in the service life assessment of NPPs, 
requires that good quality input data should be applied in the related calculations. Therefore, 
the Nuclear Data Section of IAEA started a project in 2001 [5] for updating the old reactor 
dosimetry file  
IRDF-90. The data for the new library (entitled IRDF-2002) should derive from tested, up-to-
date reactor dosimetry files or evaluations. 
 Two new reactor dosimetry libraries have been published from the time of releasing 
IRDF-90: JENDL/D-99 (Japan, [6]) and RRDF-98 (Russia [7]). As the uncertainities of the 
cross sections in the new libraries are significantly smaller for a number of reactions, 
furthermore, several new reactions can be found in these files, as compared with IRDF-90, 
they can be considered as potential sources for the up-dating procedure. Therefore, the 
content of these files has been analysed, tested and, intercompared with the corresponding 
data of  
IRDF-90.  

This paper presents the results of the analysis and intercomparison, and gives a first 
proposal on the cross sections from the new files, to be included in IRDF-2002. 
 
 
2. Methods of the Analysis and Intercomparison 
 
 The analysis and intercomparison of the cross section data involved the following 
actions: 
 
a) For numerical characterization (and intercomparison) of the cross section data of the 

files JENDL/D-99 and RRDF-98, spectrum averaged cross section values were 
calculated for three theoretical neutron spectrum functions: Maxwellian thermal 
spectrum (at a neutron temperature of 293.58 K), 1/E spectrum (between 0.563 eV and 
1.05 MeV) and Watt fission spectrum. The data obtained, were then compared with each 
other, and with the corresponding ones of the library IRDF-90. 

                                                           
+Modified version of the paper ″Results of Testing the Cross Section and Related Uncertainty Data to 
be Used in the New International Reactor Dosimetry File IRDF-2002″, presented at the Eleventh 
International Symposium on Reactor Dosimetry, Brussels, 18-24 October, 2002. 
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b) Detailed uncertainty analysis was performed involving the examination of the 
covariance matrices present in the libraries of question. For representation of the cross 
section uncertainty data the same energy group structure was used as described above 
(except, that the lower limit of the fast neutron energy group was 1.05 MeV). For 
derivation of the covariance information in the three energy groups of interest the cross 
section processing code X333 was used [8]. A typical MTR spectrum available in 640 
SAND II groups format [9] was applied as weighting spectrum in the input of the cross 
section uncertainty processing. In order to show a more detailed picture as a function of 
energy on the inconsistencies found during the analysis, the relevant covariance 
information was calculated also in an extended (27 groups) ABBN group structure [10]. 

c) Consistency test was carried out in some reference neutron spectra of the Neutron 
Metrology File NMF-90 [11]. The spectra were derived for the following neutron fields: 
•  Pool Side Facility of the ORR reactor, simulated surveillance position (Oak Ridge, 

USA; spec. PS1, detectors covered by Gd) 
•  Coupled Fast Reactivity Measurement Facility (CFR, Idaho, USA; spec. CFR) 
•  Fusion Simulation Spectrum, Measured at the RTNS-II (LLL, USA, spec. RTN) 
•  High Flux Reactor (HFR, JRC Petten, NL; spec. HFR) 
For the consistency test the neutron spectrum adjustment code STAYNL [12] was used.  

d) Detecting of errors and inconsistencies in the new libraries involved the recognition 
both of the format errors and of the inconsistencies from physics and/or mathematics 
point of view.  

 
 
3. Results 
 

During the analysis and intercomparison outlined above, altogether 141 dosimetry 
reaction cross sections were investigated: 53 ones from IRDF-90, while 64 and 24 ones from 
the files JENDL/D-99 and RRDF-98, respectively (the reaction 12C(n,2n) from RRDF-98, 
was not considered). The results obtained are as follows [10]: 
1) In the three energy group representation, defined above, only a small number of cross 

sections present in the new libraries showed important (>5%) deviations from the 
corresponding IRDF-90 data (see Table 1). 

2) At the same time, for a large number of reactions important differences appeared in the 
uncertainty values of the JENDL/D-99 and IRDF-98 cross sections, as compared with the 
old file IRDF-90. For about 50 % of the IRDF-90 cross sections improvement could be 
detected in the uncertainty information present in the new libraries. Table 2 shows the 
relative standard deviation values of the cross sections having a deviation larger than 
about a factor of 2 in the uncertainty data, as compared with the corresponding IRDF-90 
values.  
It has to be noted that, in some cases of the JENDL/D-99 library diagonal covariance 
matrices were used, therefore, the improvement in the uncertainty values is not always 
unambiguous. For these cases revision of the corresponding covariance information was 
suggested to the evaluators [10]. 

3) In the consistency test (actually neutron spectrum adjustment) the C/E values for the 
reaction rates present in Table 3 were analysed (together with the corresponding 
uncertainty information) in the neutron fields defined above. It means that in case of 
RRDF-98 only four reaction cross sections (Ti46P, TI48P, FE56P, CU63A), in case of 
JENDL/D-99 twentyfour reaction cross sections (LI6A, B10A, NA23G, AL27P, AL27A, 
SC45G, TI46P, TI47P, TI48P, FE54P, FE56P, FE58G, CO592, CO59G, NI582, NI58P, 
NI60P, CU63G, CU63A, IN115N, IN115G, AU197G, TH232F, TH232G, U235F, 
U238F, U238G, NP237F, PU239F) could be tested.  
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For the four reactions of the RRDF-98 no significant difference was found in the C/E 
values, as compared with the corresponding IRDF-90 data. At the same time, in the 
uncertainty information the same trend could be seen as mentioned in the previous point. 

 
Table 1. Ratio of average cross sections with a deviation >5 %,  

to the corresponding IRDF-90 data. 
 

JENDL-D-99/IRDF-90 RRDF-98/IRDF-90 
No Reaction Maxw. 

spec. 
Res. 
int. 

Watt 
spec. 

No Reaction Maxw. 
spec. 

Res. 
int. 

Watt 
spec. 

1 F192 - - 1.092 1 F192 - - 0.944 
2 AL27P - - 1.104 2 TI46P - - 1.116 
3 S32P - - 1.067 3 TI47NP - - 0.802 
4 TI46P - - 1.103 4 TI48P - - 1.109 
5 TI47NP - - 0.654 5 FE56P - - 1.079 
6 FE58G 1.126 0.903 - 6 NB93N - 0.899 1.025 
7 CO59A - - 1.074      
8 NI60P - - 0.891      
9 CU63A - - 1.111      

10 ZN64P - - 0.902      
11 AG109G 0.889 1.035 -      
12 NP237F 1.214 1.443 0.984      

 
 
 With the JENDL/D-99 cross section data better consistency (C/E values closer to unity) 

was obtained, than with the corresponding IRDF-90 values for the following reactions: in 
spectrum PS1 − SC45G, TI46P, FE58G, NP237F; in spectrum HFR − TI46P, FE58G; in 
spectrum CFR − TI46P, TI47P, FE58G, CU63G, IN115G, NP237F; and in spectrum RTN 
− TI46P, TI48P, FE54P. Worse consistency (C/E values deviating more from unity) was 
obtained with the JENDL/D-99 cross section data, than with the corresponding IRDF-90 
values for the following reactions: in spectrum PS1 − NI58P; in spectrum CFR − AL27P, 
SC45G, NI58P, AU197G, TH232F, TH232G; and in spectrum RTN − NI60P. As the 
response region of the same detector is different in the various neutron spectra considered 
here, the results of the consistency test clearly show in what energy region the cross 
sections present in JENDL/D-99 have been changed as compared with the corresponding 
IRDF-90 data, and confirm the findings in Table 1.  

4) Besides the investigations presented above, the contents of the libraries JENDL/D-99 and 
IRDF-98 were also compared with each other for the common reactions. The results 
obtained were taken into consideration in selecting the cross sections for the new reactor 
dosimetry file. 

5) Several errors and discrepancies were detected during the analysis (lacking or erroneous 
cross section values in certain energy regions; lacking, insufficient and/or erroneous 
uncertainty information, etc.). The findings were communicated to the evaluators of the 
cross section files via IAEA NDS [10]. As a result, several cross section and uncertainty 
data in RRDF-98 have been revised, but no response has been received from the 
evaluators of JENDL/D-99 yet. 
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Table 2. Relative standard deviations for the cross sections deviating in their uncertainties by 
about a factor of 2 (or more) from the corresponding IRDF-90 data  

(for a typical MTR spectrum) 
 

  Relative uncertainty for the spectrum part 
( %) 

No Reaction Maxwellian thermal Intermediate Fast 
 name IRDF-

90 
JENDL
/D-99 

RRDF
-98 

IRDF-
90 

JENDL
/D-99 

RRDF
-98 

IRDF-
90 

JENDL
/D-99 

RRDF
-98 

1 LI6A 0.14 0.40 - 0.14 0.40 - 1.22 4.72 - 
2 B10A 0.16 0.22 - 0.16 0.33 - 1.32 13.5 - 
3 MG27P - - - - - - 2.26 1.24 1.14 
4 AL27P - - - - - - 5.92 0.72 - 
5 P31P - - - - - - 3.60 1.34 - 
6 S32P - - - - - - 4.65 8.34 - 
7 SC45G 2.65 0.83 - 3.92 1.13 - 12.8 8.85 - 
8 TI46P - - - - - - 5.04 2.27 3.13 
9 TI47NP - - - - - - 30.0 2.61 8.58 

10 TI47P - - - - - - 3.84 1.43 - 
11 TI48NP - - - - - - 30.0 2.65 8.59 
12 TI48P - - - - - - 32.4 1.85 5.17 
13 CR522 - - - - - - 2.68 1.29 - 
14 FE54P - - - - - - 2.18 0.99 - 
15 FE58G 18.5 12.6 - 9.36 8.72 - 19.1 4.81 - 
16 CO592 - - - - - - 2.85 1.45 - 
17 NI582 - - - - - - 3.11 0.90 - 
18 NI60P - - - - - - 40.3 19.4 - 
19 CU63G 4.11 2.00 - 4.03 1.38 - 7.69 20.0 - 
20 CU63A - - - - - - 10.8 1.46 2.84 
21 ZN64P - - - - - - 4.80 1.63 - 
22 Y892 - - - - - - 4.28 1.45 - 
23 ZR902 - - - - - - 1.60 0.55 - 
24 NB932 - - - - - - 2.80 4.44 1.06 
25 NB93N - - - 7.37 20.1 4.68 3.01 2.78 2.80 
26 AU1972 - - - - - - 4.28 1.18 - 
27 AU197G 0.14 0.74 - 0.17 3.04 - - - - 
28 U235F 0.19 0.32 - 0.27 2.13 - 0.35 2.22 - 
29 U238F - - - - - - 0.54 2.09 - 
30 U238G 0.35 0.74 - 0.37 3.45 - 2.03 10.0 - 
31 NP237F 30.0 5.40 - 9.53 0.59 - 9.34 0.30 - 
32 PU239F 0.25 0.71 - 0.26 4.06 - 0.43 2.05 - 

 
 

Table 3. Reactions used in the consistency test 
 

Spectrum Reactions used 
PS1 SC45G, TI46P, FE54P, FE58G, CO59G, NI58P, CU63A, U235F, NP237F 
HFR NA23G, AL27A, SC45G, TI46P, TI48P, FE54P, FE56P, FE58G, CO59G, 

NI58P, CU63G, IN115N, IN115G, AU197G, TH232G, U235F, U238G 
CFR LI6A, B10A, AL27P, AL27A, SC45G, TI46P, TI47P, TI48P, FE54P, FE58G, 

CO59G, NI58P, CU63G, IN115N, IN115G, AU197G, TH232F, TH232G, 
U235F, U238F, U238G, NP237F, PU239F 

RTN AL27A, SC45G, TI46P, TI47P, TI48P, FE54P, CO592, CO59G, NI582, NI58P, 
NI60P, AU197G 
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4. Conclusions � recommendations 
 

Based on the results of the analysis and intercomparison outlined above, the following 
conclusions and recommendations have been made: 
a) The majority of the cross sections present in the new libraries did not show important 

(>5%) deviations from the corresponding data of the file IRDF-90. The striking difference 
(in most cases improvement) could be detected in the uncertainty information of the new 
files, as compared with the relevant IRDF-90 values. 

b) The first proposal on the cross sections from the analysed libraries, to be involved in the 
new International Reactor Dosimetry File IRDF-2002, can be seen in Table 4. This 
proposal contains cross sections together with uncertainty information in the form of 
covariance matrices, for 70 dosimetry reactions: 22 of them originating from the file 
IRDF-90, 26 ones from JENDL/D-99 and, 22 ones from the library RRDF-98.  

c) However, the data of the dosimetry library JENDL/D-99 will have to be revised by the 
evaluators, and the discrepancies and errors [10] found in the cross section data of interest 
(see in Table 4) will have to be corrected. The evaluators of the JENDL/D-99 are kindly 
asked to do this task in the near future in order that, the new international reactor 
dosimetry library IRDF-2002 could be edited before the end of this year . 

d) In the near future, further new, good quality cross section evaluations will have to be 
looked for inclusion in IRDF-2002. 

e) After the evaluators of the file JENDL/D-99 (and RRDF-98) have corrected the 
discrepancies/format errors for the reactions of interest, the analysis and intercomparison 
outlined above, will have to be repeated both for the corrected and for the new data. 

f) Based on the results obtained in poits d) to e), reconsideration of the list of the cross 
sections in Table 4 will be needed. 

g) The radiation damage and gas production cross sections for the materials interesting for 
the fission (and fusion) reactor dosimetry will have to be collected from new evaluations 
(e.g. new ASTM standards, the library of the code SPECTER [13], and/or the Japanese 
"PKA/KERMA" file [14], if it is available), and after testing and editing, they will have to 
be involved in the file IRDF-2002. 

 
Table 4. Cross sections suggested for IRDF-2002 

 

From IRDF-90 
 

From JENDL/D-99 
 

From RRDF-98 
 

LI6A, B10A, NA23G, NA232*, P31P, SC45G* F192, MG246, 
AL27P, AL27A, S32P, TI0XSC46*, TI0XSC47*, TI462,TI46P, 
MN55G, CO59G, TI0XSC48*, TI47P*, TI47NP**, TI48NP**, 
NI58P, CU63G, CR50G*,CR522, MN552, TI48P, TI49NP**, 
NB93G, AG109G, FE54P*, FE57NP*, V51A, FE542, 
IN1152, IN115G, FE58G*, CO592*, NI582, FE54A, FE56P, 
AU197G,TH232F, NI60P*, CU632*, CU652*, CO59A, CU63A, 
TH232G, U235F, Y892, ZR902, I1272, AS752, NB932, 
U238F, U238G, TM1692*, AU1972, NB93N, RH103N, 
U238G, PU239F HG199N**, NP237F, LA139G, PR1412, 
 AM241F W189G, PB204N 

NOTES 
*  = Poblems/errors in the cross section and/or in the uncertainty (covariance) information 
**= Format error 
The cross sections for the underlined reactions have errors in the format or in the uncertainty 

information in the library JENDL/D-99. After the errors have been corrected, the corresponding 
data of the file JENDL/D-99 will be used. 
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h) The final form of the new library IRDF-2002 will have to be edited by IAEA NDS in two 
forms, as concerned the cross sections: 

 
• point values + resonance parameters in the format ENDF-6 (e.g. in order to make 

possible the calculation of the thermal cross sections and the Doppler broadening of 
the resonance cross sections at different neutron and/or fuel temperatures, 
respectively); 

• in the format of IRDF-90 V2 (640 groups cross section values) at 0, 300 and 600 K. 
 
 
i) The new cross section file IRDF-2002 will have then to be distributed by IAEA NDS to 

experienced laboratories for testing.  
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REVISIONS AND NEW EVALUATIONS OF CROSS SECTIONS FOR 19 
DOSIMETRY REACTIONS 

 
K.I. Zolotarev 

 
Institute of Physics and Power Engineering, Bondarenko Sq. 1, 249 020 Obninsk, Russia, 

E-mail: zki@ippe.obninsk.ru 
 
 New evaluations of cross sections for the reactions 139La(n,γ)140La, 186W(n,γ)187W, 
204Pb(n,n’)204mPb and revisions of cross section data from RRDF-98 file [1] for the reactions 
19F(n,2n)18F, 46Ti(n,2n)45Ti, 46Ti(n,p)46m+gSc, 47Ti(n,x)46m+gSc, 48Ti(n,p)48Sc, 48Ti(n,x)47Sc, 
49Ti(n,x)48Sc, 51V(n,a)48Sc, 54Fe(n,a)51Cr, 54Fe(n,2n)53m+gFe, 56Fe(n,p)56Mn, 59Co(n,a)56Mn, 
58Ni(n,p)58Co, 63Cu(n,a)60m+gCo, 75As(n,2n)74As, 141Pr(n,2n)140Pr were carried out at the 
Institute of Physics and Power Engineering (IPPE), Russia, Obninsk in 2001-2002 years. Re-
evaluation of RRDF-98 data for 16 reactions were done with taking into account the results 
of the test performed by a team from the Budapest University of Technology and Economics, 
Hungary [2]. 

The activation detectors on the basis of 139La(n,γ)140La and 186W(n,γ)187W reactions are 
commonly used in the reactor dosimetry for determination of the neutron flux in the 
epithermal energy range. Reaction 204Pb(n,n’)204mPb looks very attractive for use in reactor 
dosimetry for neutron spectrum unfolding in the energy range higher 2.2 MeV. Reactions 
46Ti(n,2n)45Ti and 54Fe(n,2n)53m+gFe are very perspective for neutron dosimetry at T(d,n)4He 
sourses. The threshold reactions 47Ti(n,x)46m+gSc, 48Ti(n,x)47Sc, 49Ti(n,x)48Sc, 75As(n,2n)74As 
and 141Pr(n,2n)140Pr may be useful in the high energy neutron dosimetry. The two last 
reactions are using also as the monitor reactions for the cross sections measurements in the 
energy range 14 – 15 MeV. 
 At present the cross section data for 54Fe(n,2n)53m+gFe, 75As(n,2n)74As, 
139La(n,γ)140La, 141Pr(n,2n)140Pr and 204Pb(n,n')204mPb reactions are absent in the IRDF-90 
ver.2 file and in national dosimetry libraries as well. Cross section data for 186W(n,γ)187W 
reaction are given in the Japanese Reactor Dosimetry File – JENDL/D-99 (MAT 7443) [3]. 
JENDL/D-99 data for 186W(n,γ)187W reaction have been evaluated in March 1987 and 
uncertainties in the cross section values estimated only via variations. 
 In the process of preparation of the input data for evaluation of cross sections and 
their uncertainties three information sources were used: available differential and integral 
experimental data, results of theoretical model calculations and predictions of the 
systematics.  
 Differential and integral experimental data were taken mainly from EXFOR Library 
(Version January 2001). In the cases then the data were absent in the EXFOR, information 
was taken from the original publications. In the first step of evaluation all experimental data 
were thoroughly analyzed. During this procedure the experimental data (if it was possible) 
were corrected to the new recommended cross section data for monitor reactions used in the 
measurements and to the new recommended decay data. Correction of experimental data to 
the new standards leads   in generally to decreasing the discrepancies in the experimental data 
and thus to decreasing the uncertainty in the evaluated cross section values.  
 For theoretical description of excitation functions of 47Ti(n,x)46m+gSc, 48Ti(n,x)47Sc, 
49Ti(n,x)48Sc, 139La(n,γ)140La, 186W(n,γ)187W and 204Pb(n,n')204mPb dosimetry reactions the 
optical-statistical method was used with taking into account consistently the contribution of 
the direct, preequilibrium and statistical equilibrium processes into different outgoing 
channels. The practical calculations of cross sections were made by means of modified 
version of the GNASH code [4] and STAPRE code [5]. Modified GNASH code differs 
mainly from original GNASH code [6] with having a subroutine for calculations of width 
fluctuation correction.  
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The calculation of penetrability coefficients for neutrons was made on the basis of generalized 
optical model, which permits to estimate the cross sections for the direct excitations of collective low-
lying levels. The ECIS coupled channel deformed optical model code [7] was used for this 
calculations. The optical coefficients of proton and alpha particles penetrabilities were determined by 
means of the SCAT2 code [8].  

The data on discrete levels parameters for all target and residual nuclei were obtained from the 
recent work [9]. Unknown branching ratios were estimated on the basis of statistical calculations of 
the possible E1, E2, and M1 gamma-ray transitions. Intensities of such transitions were calculated in 
accordance with the radiation strength functions recommended in Ref. [10]. 

Continuum level densities were represented with the Gilbert-Cameron [11] model  using 
the Cook parameters [12]. The calculation of gamma-ray transition probabilities in continuum 
region of excited states of all nuclei under consideration was made in the frame of hypothesis 
of domination of giant dipole resonance with parameters of radiative strength function from 
Kopecky-Uhl systematics [13]. Recommended parameters of giant dipole resonances were 
taken from ref. [14]. 

By means of the modified GNASH code cross section values of 139La(n,γ)140La and 
186W(n,γ)187W reactions were calculated from 1 keV to 20 MeV. The same data for the 
reactions 47Ti(n,x)46m+gSc, 48Ti(n,x)47Sc, 49Ti(n,x)48Sc and 204Pb(n,n’)204mPb were obtained 
from threshold to 20 MeV. 
 The evaluation of excitation functions of dosimetry reactions had been carried out on 
the basis of prepared input data within the framework of generalized least squares method. 
Rational function was used as a model function [15]. Procedure of calculation recommended 
cross section data and related covariance matrixes of uncertainties was performed by means 
of PADE-2 code [16]. 

MLBW resonance parameters used for calculation 139La(n,γ)140La and 186W(n,γ)187W 
reactions excitation functions in the resolved resonance region were evaluated on the basis 
the data given in the compilations of S.F.Mughabghab [17], [18] and S.I.Sukhoruchkin [19]. 
Radiative capture cross sections for La-139 and W-186 nuclei in the unresolved resonance 
region were evaluated on the basis of calculations performed by means of EVPAR code [20]. 

Uncertainties in the evaluated excitation function for the 139La(n,γ)140La and 
186W(n,γ)187W reactions are given by means of the three block matrixes. The first and the 
second block matrixes are used for description of the cross sections uncertainty in the 
resolved resonance region. The third block matrixes were used for description of reactions 
uncertainty from unresolved resonance region to 20 MeV. The first and the third block 
matrixes are the relative covariance matrixes, obtained by means of PADE code. Cross 
sections uncertainties in the second block matrixes are given via diagonal matrixes. This 
matrixes were prepared by means of DSIGNG code.[21]  

Integral experimental data for U-235 neutron fission spectrum and Cf-252 spontaneous 
fission neutron spectrum were used for testing evaluated excitation functions of threshold 
reactions. Data for U-235 thermal fission neutron spectrum and Cf-252 spontaneous fission 
neutron spectrum were taken from ref.[22] and [23], respectively. The average cross section 
values for U-235 thermal fission neutron spectrum and Cf-252 spontaneous fission neutron 
spectrum calculated from the IPPE, JENDL/D-99 IRDF-90 Ver.2 evaluated excitation 
functions are given in Tables 1 and 2 in comparison with related experimental data. The 
comparison with the same data from IRDF-90v2 and JENDL/D-99 dosimetry libraries shows 
that the results of new re-evaluations agree better with integral experimental data. 

The tested characteristics of the evaluated 139La(n,γ)140La, 186W(n,γ)187W reaction 
excitation function - capture cross section at En=0.0253 eV and resonance integral (0.5 eV to 
20 MeV) are agree well with data from compilations [17,18] and [38]. The averaged capture 
cross section of La-140 calculated from the new evaluation for neutron spectrum in the center 
of the Coupled Fast Reactivity Measurement Facility (CFRMF) agree within uncertainties 
with experimental data [39]. The data for neutron spectrum in the center of CFRM facility 
were taken from ref. [40]. 
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The detailed description of the new evaluations 139La(n,γ)140La, 186W(n,γ)187W and 
204Pb(n,n’)204mPb  reactions excitation function is given in the report [41]. Full describtion of 
the re-evaluded cross sections may be found on the IAEA Web site [42]. 

Data files prepared in the result of new evaluations and re-evaluations in the ENDF-6 
format for 19 dosimetry reactions may be consider as candidates to the new International 
Reactor Dosimetry File: IRDF-2002. 
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Table 1 
Measured and calculated averaged cross sections  

in 252Cf  spontaneous fission neutron spectrum 
 

Reaction IPPE eval. JENDL/D-99 IRDF-90 Experiment 

 <�>, mb <�>, mb <�>, mb <�>, mb 
19F(n,2n)18F 0.01615 0.018417 0.017027 0.01628 ± 0.00054 [24] 

46Ti(n,2n)45Ti 0.01198 0.012871  0.093 ± 0.031 [25] 
46Ti(n,p)46m+gSc 13.818 13.553 12.313 14.20 ± 0.24 [24] 
47Ti(n,x)46m+gSc 0.019201 0.016494   

48Ti(n,p)48Sc 0.42629 0.39483 0.3864 0.4275 ± 0.0078 [24] 
48Ti(n,x)47Sc 0.0042891 0.0041188   
49Ti(n,x)48Sc 0.0026070 0.0027173   
51V(n,α)48Sc 0.038514  0.03872 0.03904 ± 0.00086 [24] 

54Fe(n,2n)53m+gFe 0.0036219    
54Fe(n,α)51Cr 1.1114    
56Fe(n,p)56Mn 1.4692 1.4088 1.368 1.471 ± 0.025 [24] 
59Co(n,α)56Mn 0.22095 0.23034 0.2159 0.2221 ± 0.0039 [24] 

0.2208 ± 0.0014 [26] 
58Ni(n,p)58Co 116.65 114.52 115.2 117.6 ± 1.5 [24] 

63Cu(n,α)60m+gCo 0.6925 0.72831 0.6778 0.6897 ± 0.0130 [24] 
75As(n,2n)74As 0.61804    
141Pr(n,2n)140Pr 1.9843    
139La(n,g)140La 6.650    
186W(n,g)187W 31.699 34.737   

204Pb(n,n’) 204mPb 20.373   20.900 ± 1.202 [27] 

20.850 ± 0.920 [28] 

 
* - evaluated by author 
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Table 2 
Measured and calculated averaged cross sections 

in 235U thermal fission neutron spectrum 

Reaction IPPE eval. JENDL/D-99 IRDF-90 Experiment 

 <�>, mb <�>, mb <�>, mb  <�>, mb 
19F(n,2n)18F 0.0072993 0.0084128 0.00772 0.007200±0.001000 [29] 

0.006509±0.000300 [30] 

0.008653±0.000464 [31] 
46Ti(n,2n)45Ti 0.0044686 0.0048136   
46Ti(n,p)46m+gSc 11.447 11.301 10.252 11.55 ± 0.20 [31] 

11.51 ± 0.40 [32] 

11.57 ± 0.37 [33] 
47Ti(n,x)46m+gSc 0.0081158 0.0067188   
48Ti(n,p)48Sc 0.3043 0.28257 0.2749 0.3007 ± 0.0054 [31] 

0.302 ± 0.010 [32] 

0.305 ± 0.020 [33]] 
48Ti(n,x)47Sc 0.0016558 0.0016105   
49Ti(n,x)48Sc 0.0010041 0.0010174   
51V(n,α)48Sc 0.024414  0.0246 0.02438 ±0. 00056 [31] 
54Fe(n,2n)53m+gFe 0.0012839    
54Fe(n,α)51Cr 0.8459   0.850 ± 0.050 * 
56Fe(n,p)56Mn 1.1070 1.0552 1.0297 1.083 ± 0.017 [31] 

1.09 ± 0.04 [32] 
59Co(n,α)56Mn 0.15823 0.16608 0.1549 0.1568 ± 0.0035 [31] 
58Ni(n,p)58Co 106.58 104.75 105.73 108.5 ± 1.4 [31] 
63Cu(n,α)609m+gCo 0.5329 0.57746 0.5214 0.5295 ± 0.0255 [34] 

0.4935 ± 0.0242 [31] 
75As(n,2n)74As 0.3092   0.309 ± 0.019 * 
141Pr(n,2n)140Pr 1.0922    
139La(n,g)140La 6.737   5.30 [35] 
186W(n,g)187W 32.267 35.298   
204Pb(n,n’) 204mPb 17.770   18.900 ± 2.000 [36] 

19.080 ± 1.524 [37] 

       * - evaluated by author 
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Interactive Visual Analysis of Nuclear Data with ZVView 
 

Viktor Zerkin 
Nuclear Data Section, IAEA 

 

1. Plotting program ZVView 
 

ZVView [1] is a software designed for nuclear reactions data evaluators to perform efficient 
interactive visual analysis of experimental and theoretical nuclear data. The main function of 
ZVView is plotting and inter comparison of data, including variety of options for looking into 
numerous details of graphical, numerical and bibliographic information involved, along with a 
possibility to analyse results of own evaluation. ZVView allows to user change plotting attributes, 
logarithmic and  linear scales, zooming, split plot to sub-windows, smoothing by least square 
method, choice and authors to be plotted and scan their points, changing language on the fly, saving 
picture in PS/EPS (PostScript), EMF (Windows Meta File) and PCX formats, to be imported into 
LaTeX, Word and other applications. And this all on many computer platforms. 
 
ZVView is written on C and based on a universal graphic set of libraries (DINAMO). Originally, 
this package was developed to be common basic software for development of various applications 
for nuclear research, such as acquisition, data treatment, analysis and presentation. The main 
functions of package are related to plot on the screen, compare and analyse in interactive way 
functions of the type f(x) and f(x,y). Variety of application fields, tasks, requests from number of 
users during several years of using, caused flexible structure of the package, universality related to 
data structures, rich and expandable functionality, fast speed of operations and small memory 
needed. One of the most attractive feature of the package is that it works on several computer 
platform, therefore, applications (such as ZVView) based on DINAMO are platform independent. 
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ZVView accept data in several formats, can be used in interactive and non-interactive mode. It can 
work as a standalone application and also as part of various packages (such as EXFOR/Access[2], 
EXFOR+ENDF/Web [3], Empire-II [4], etc.). Special arrangement of data in different formats 
allows to use ZVView via Internet as a helper-application running on local machine under Web-
browser. It is actively used with Web-services in two ways: as part of complex retrieval system and 
Web-Atlases working via Internet and from CD-ROM. Several interactive Web-Atlases were 
designed in this way: “Fission Products in Pictures”, “Prompt Gamma Neutron Activation 
Analysis”, “NGAtlas-2”, “Fendl in Pictures”.  This approach was also used in several works under 
project “IRDF-2002” ([5,6]). 
 
 
2. IRDF-90, RRDF-98, JDOSM-98  vs. EXFOR-2000 
 
In the preparation stage of IRDF-2002 project, current status of existing evaluations and 
experimental data has to be presented and analyzed. Plots with comparison of cross sections from 
different libraries and experimental data were organized as set of Web-pages (Atlas) available 
through Internet [7] and on CD-ROM. The Atlas contains page with full set of plots and pages for 
each isotope.  
 
Special software generating html-pages and pictures was developed using existing packages 
EXFOR/Access and ZVView. Information from experimental data and all used evaluated libraries 
was organized as tables for search under MS-Access database management system. Retrieval code 
did a search for experimental data and corresponding evaluations, created html-file and input files 
for plotting program ZVView. This procedure was used in non-interactive mode to generate all sets 
of files automatically, but it has also interactive mode to correct plots individually (Fig.3-5). 
 
Beside of plots, presented as static pictures in the Atlas, there is an optional possibility of interactive 
visual data analysis provided by ZVView. In order to use this option automatically, user should 
install on his computer ZVVIew as a helper for its Web browser.  
 
 
 

Web-Atlas 
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RRDF-98 

JDOSM98 

MS-Access 

Retrieval 
Code 

Html 
pages 

ZVView 
plotting 

Data 

GIF 

Internet 

CD-ROM 

Fig.2. IRDF-2000: Atlas Preparation 
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Fig.3. IRDF-2000/Access: Main form 

Fig.4. IRDF-2000/Access: Search form 
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References: 
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2. EXFOR/Access:  IAEA-NDS-CD-09,      

 User’s Guide:  http://www-nds.iaea.or.at/ndspub/exfor2/x4cd/guide/ 
3. EXFOR+ENDF/Web: http://www-nds.iaea.or.at/zvd/ 
4. EMPIRE-II:  http://www-nds.iaea.or.at/empire/ 
5. R.Paviotti-Courcuera, V.Zerkin, E.M.Zsolnay, K.I.Zolotarev, W.Mannhart, L.R.Greenwood, 
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International Symposium on Reactor Dosimetry, p.161, Brussels, Belgium, 18-23 August 2002 
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Reactor Dosimetry, p.127, Brussels, Belgium, 18-23 August 2002 
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Fig.5. IRDF-2000/Access: Select-Data form 



49 

Average Cross Sections Calculated in Various Neutron Fields 
 
 

Keiichi SHIBATA 
 

Nuclear Data Center 
Japan Atomic Energy Research Institute 

Tokai-mura, Ibaraki-ken 319-1195, Japan 
e-mail: shibata@ndc.tokai.jaeri.go.jp 

 
 
 
 Average cross sections have been calculated for the reactions contained in the 

dosimetry files, JENDL/D-99 [1], IRDF-90V2 [2], and RRDF-98 [3] in order to select the 
best data for the new library IRDF-2002.  The neutron spectra used in the calculations are as 
follows: 

1) 252Cf spontaneous fission spectrum (NBS evaluation), 
2) 235U thermal fission spectrum (NBS evaluation), 
3) Intermediate-energy Standard Neutron Field (ISNF), 
4) Coupled Fast Reactivity Measurement Facility (CFRMF), 
5) Coupled thermal/fast uranium and boron carbide spherical assembly (ΣΣ), 
6) Fast neutron source reactor (YAYOI), 
7) Experimental fast reactor (JOYO), 
8) Japan Material Testing Reactor (JMTR), 
9) d-Li neutron spectrum with a 2-MeV deuteron beam. 

The items 3)-7) represent fast neutron spectra, while JMTR is a light water reactor.  
The Q-value for the d-Li reaction mentioned above is 15.02 MeV.  Therefore, neutrons with 
energies up to 17 MeV can be produced in the d-Li reaction.   

The calculated average cross sections were compared with the measurements.  Figures 
1-9 show the ratios of the calculations to the experimental data which are given in Ref. 1  It 
is found from these figures that the 58Fe(n,γ) cross section in JENDL/D-99 reproduces the 
measurements in the thermal and fast reactor spectra better than that in IRDF-90V2. 

 
 
References 
[1]  K. Kobayashi, T. Iguchi, S. Iwasaki, T. Aoyama, S. Shimakawa, Y. Ikeda, N. Odano, K. 

Sakurai, K. Shibata, T. Nakagawa, and M. Nakazawa: “JENDL Dosimetry File 99 
(JENDL/D-99),” JAERI 1344 (2002). 

[2]  N.P. Kocherov and P.K. McLaughlin: “The International Reactor Dosiemtry File (IRDF-
90 Version 2),” IAEA-NDS-141 Rev.3 (1996). 

[3]  K.I. Zolotarev, A.V. Ignatyuk, V.N. Manokhin, and A.B. Pashchenko: “RRDF-98 
Russian Reactor Dosiemtry File,” IAEA-NDS-193 Rev. 0 (1999). 

 
 
 

* The present results are preliminary, and should not be referred elsewhere.
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Validation of Differential Cross Sections with Integral Data 
 
 

W. Mannhart 
Physikalisch-Technische Bundesanstalt 

38116 Braunschweig, Germany 
 
 

The results of two systematic evaluations of spectrum-averaged cross section 
measurements performed in the fission neutron fields of 252Cf and 235U are shortly 
reviewed. These data were used to validate the σ(E) data of the IRDF-90.2 and 
JENDL/D-99 libraries. In the case of the 235U neutron field, the lack of an 
adequate spectrum description valid over the whole energy range was identified. 
This fact presently limits the application of the spectrum-averaged data in the 235U 
neutron field. 

 
Integral data, i.e. spectrum-averaged cross sections <σ>, are a useful tool to check the validity of 
evaluated differential cross sections σ(E). An essential prerequisite to this procedure are well 
established <σ>-data and an adequate description of the spectral distribution N(E) of the 
corresponding neutron field. Quantified conclusions require in addition a consistent uncertainty 
handling, i.e. the uncertainties of <σ>, N(E) and σ(E) should be well defined. 
 
In the neutron fields of spontaneous fission of 252Cf and of thermal neutron-induced fission on 235U 
a remarkable number of spectrum-averaged cross section measurements has been performed. These 
data were the basis of two evaluations of experimental integral data obtained in both neutron fields. 
The evaluation of integral data in the 252Cf neutron field [1] comprises 35 different neutron 
reactions and covers the neutron energy response range between 0.05 and 18.1 MeV. Recently a 
similar evaluation has been done for the integral data measured in the 235U neutron field [2]. The 
last systematic evaluation of integral data in the 235U neutron field was performed in 1976 by Fabry 
et.al [3]. Due to the lack of complete documentation the evaluation was not suitable for a direct 
update. Therefore the whole database of integral measurements in the 235U field has been 
reanalyzed. The new evaluation bases on 200 integral data of various neutron reactions determined 
in 38 different experiments (15 performed after 1976) and resulted in evaluated integral data of 30 
different neutron reactions. In both evaluations [1,2] a complete covariance matrix was generated. 
 
The results of both evaluations are compared in Fig. 1. Ratios of the evaluated spectrum-averaged 
cross sections in the 252Cf and the 235U neutron field were formed. The data of individual reactions 
were plotted as a function of the mean response energy (E50%). This is the neutron energy which 
corresponds to a value of 50% of the integrated energy response function in the neutron field. The 
given energy scale was calculated with the 252Cf neutron spectrum and carefully selected σ(E) data. 
The energy response range of a specific neutron reaction is very similar in the 252Cf and the 235U 
neutron field which justifies the given representation. As expected, the calculated ratios show a 
smooth behaviour with increasing neutron energy and confirm the similarity of the spectral fission- 
neutron distributions of 252Cf and 235U. The figure is also helpful to identify outliers in the integral 
data, as the data of the Cu-63(n,2n) reaction, for example. Neglecting this data point, the remaining 
ratios were fitted to a polynomial (solid line) of the order of 2. The fit resulted in a value of the 
reduced chi-square of 0.98 and indicates consistency of the data with the simple fit model within the 
given uncertainties. The variation of the ratios as a function of energy up to a factor of two, reflects 
the hardness of the 252Cf neutron spectrum compared to the 235U spectrum. 
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Fig. 1 Ratio of evaluated spectrum-averaged cross sections measured in the fission neutron 

fields of 252Cf and 235U (see text). 
 
First, the differential cross sections of the IRDF-90.2 and the JENDL/D-99 libraries were tested in 
the 252Cf neutron field. The fission neutron spectrum of 252Cf is one of the best defined reference 
neutron spectra and has been evaluated based on a series of TOF measurements [4]. The numerical 
figures of the spectral distribution and the corresponding covariance matrix are given in the 
ENDF/B-VI library [5]. For all neutron reactions, the calculated spectrum-averaged cross sections 
<σ> = ∫ N(E) σ(E) dE (for fission neutron spectra ∫ N(E) dE = 1 is valid) were compared with the 
(evaluated) experimental data and C/E ratios were formed. The uncertainties of the C/E-values were 
propagated from the covariances of <σ>, N(E) and σ(E). The results obtained for the various 
reactions were grouped into three different categories: 
 
  group A:  C/E-values being within the uncertainties consistent with unity 

group B:  C/E-values not in group A, but within a band of ± 5% around unity 
group C:  all remaining C/E-values 

 
Of the 53 neutron reactions of the IRDF-90.2 library, 32 were tested in the 252Cf neutron field. The 
results of 19 reactions were in group A: Cu-63(n,γ), U-235(n,f), Np-237 (n,f), Ti-47(n,p), S-32(n,p), 
Ni-58(n,p), Zn-64(n,p), Fe-54(n,p), Cu-63(n,α), Co-59(n,α), Al-27(n,α), V-51(n,α), Au-197(n,2n), 
Nb-93(n,2n), Cu-65(n,2n), Co-59(n,2n), F-19(n,2n), Zr-90(n,2n) and Ni-58(n,2n). In group B five 
reactions were identified: Au-197(n,γ), Pu-239 (n,f), In-115(n,n’), U-238(n,f) and Al-27(n,p). The 
uncertainties of the C/E of these reactions were too small to overlap with unity. The remaining 8 
reactions belong to group C and indicate serious inconsistencies between integral and differential 
data: In-115(n,γ), Ti-46 (n,p), Fe-56 (n,p), Mg-24(n,p), Ti-48(n,p), I-127(n,2n), Mn-55(n,2n) and 
Cu-63(n,2n). 
 
The same procedure was applied to the 61 neutron reactions of the JENDL/D-99 library. For 33 
reactions experimental integral data in the 252Cf neutron field were available. The C/E values  
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Table 1 C/E-values in the 252Cf neutron field, calculated with σ(E) data of the IRDF-90.2 

and JENDL/D-99 libraries (see also text). 
 

Cf-252(sf)   

Reaction Exp.  C/E 

 <�> (mb) % IRDF-90.2 JENDL/D-99 

Au-197(n,γ) 7.679E+1 1.59 0.966 ± 0.021 0.977 � 0.086 

Cu-63(n,γ) 1.044E+1 3.24 0.996 � 0.091 1.005 � 0.196 

In-115(n,γ) 1.256E+1 2.23 1.227 ± 0.060 1.003 � 0.047 

U-235(n,f) 1.210E+3 1.20 1.007 � 0.012 1.021 � 0.024 

Pu-239(n,f) 1.812E+3 1.37 0.980 ± 0.014 0.996 � 0.025 

Np-237(n,f) 1.361E+3 1.59 0.999 � 0.093 0.983 � 0.016 

In-115(n,n’) 1.974E+2 1.37 0.961 ± 0.025 0.961 ± 0.025 

U-238(n,f) 3.257E+2 1.64 0.969 ±0.017 0.980 � 0.026 

Hg-199(n,n’) 2.984E+2 1.81  0.833 ± 0.067 

Ti-47(n,p) 1.927E+1 1.66 1.006 � 0.042 0.962 ± 0.021 

S-32(n,p) 7.254E+1 3.49 0.969 � 0.049 1.033 � 0.090 

Ni-58(n,p) 1.175E+2 1.30 0.982 � 0.026 0.975 ± 0.016 

Zn-64(n,p) 4.059E+1 1.65 1.037 � 0.054 0.942 ± 0.023 

Fe-54(n,p) 8.684E+1 1.34 1.015 � 0.026 1.027 ± 0.019 

Co-59(n,p) 1.690E+0 2.48   

Al-27(n,p) 4.880E+0 2.14 0.958 ± 0.039 1.058 ± 0.027 

Ti-46(n,p) 1.407E+1 1.77 0.876 ± 0.029 0.964 ± 0.030 

V-51(n,p) 6.488E-1 1.97   

Cu-63(n,α) 6.887E-1 1.96 0.986 � 0.033 1.059 ± 0.029 

Fe-56(n,p) 1.465E+0 1.77 0.936 ± 0.030 0.962 � 0.048 

Mg-24(n,p) 1.996E+0 2.44 1.082 ± 0.040 1.092 ± 0.034 

Co-59(n,α) 2.218E-1 1.88 0.975 � 0.036 1.040 � 0.050 

Ti-48(n,p) 4.247E-1 1.89 0.912 ± 0.032 0.931 ± 0.028 

Al-27(n,α) 1.016E+0 1.28 1.022 � 0.026 1.022 � 0.026 

V-51(n,α) 3.900E-2 2.21 0.995 � 0.044  

Tm-169(n,2n) [ 6.690E+0 ] 6.28  0.932 � 0.065 

Au-197(n,2n) 5.506E+0 1.83 1.044 � 0.052 1.049 ± 0.031 

Nb-93(n,2n) [ 7.490E-1 ] 5.07 1.041 � 0.064 1.011 � 0.070 

I-127(n,2n) 2.069E+0 2.73 1.062 ± 0.045 1.096 ± 0.051 

Cu-65(n,2n) 6.582E-1 2.22 1.030 � 0.042 1.061 ± 0.039 

Mn-55(n,2n) 4.075E-1 2.33 1.181 ± 0.115 1.237 ± 0.111 

Co-59(n,2n) 4.051E-1 2.51 1.044 � 0.051 1.030 � 0.045 

Cu-63(n,2n) 1.844E-1 3.98 1.134 ± 0.068 1.140 ± 0.066 

F-19(n,2n) 1.612E-2 3.37 1.065 � 0.063 1.151 ± 0.070 

Zr-90(n,2n) 2.210E-1 2.89 1.001 � 0.061 0.979 � 0.058 

Ni-58(n,2n) 8.952E-3 3.57 1.033 � 0.079 1.004 � 0.072 
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resulted in 16 reactions in group A: Au-197(n,γ), Cu-63(n,γ), In-115(n,γ), U-235(n,f), Pu-239(n,f), 
Np-237(n,f), U-238(n,f), S-32(n,p), Fe-56(n,p), Co-59(n,α), Al-27(n,α), Tm-169(n,2n), Nb-93 
(n,2n), Co-59(n,2n), Zr-90(n,2n) and Ni-58(n,2n). Additional six reactions were in group B: In-115 
(n,n’), Ti-47(n,p), Ni-58(n,p), Fe-54(n,p), Ti-46(n,p) and Au-197(n,2n). The remaining 11 reactions 
were in group C: Hg-199(n,n’), Zn-64(n,p), Al-27 (n,p), Cu-63(n,α), Mg-24(n,p), Ti-48(n,p), I-127 
(n,2n), Cu-65(n,2n), Mn-55(n,2n), Cu-63 (n,2n) and F-19(n,2n). 
 
The numerical results are summarized in Table 1. The reactions, given in column 1, are listed with 
rising mean response energies. In columns 2 and 3 of the table, the spectrum-averaged cross 
sections and the diagonal elements of the covariance matrix of Ref. [1] are given. The calculated 
C/E-values of the individual reactions of the IRDF-90.2 and JENDL/D-99 libraries are listed. 
Numerical values belonging to group A are given with bolded characters and those of group B with 
grey shadowing. 
 
Some of the evaluated cross sections in the IRDF-90.2 and JENDL/D-99 libraries quote extremely 
low uncertainties of the σ(E) data. Such low values can easily originate from least-squares based 
evaluations with imperfect handling of the systematic components. Most of the experimental σ(E) 
data were measured as ratios relative to well-known reference cross sections. The uncertainty of the 
reference cross section is the irreducible uncertainty limit in such measurements. Absolute 
measurements are quite difficult and base on two techniques of the neutron fluence determination: 
the associated particle method and the proton recoil telescope. The proton recoil method is based on 
the n-p cross section and results in uncertainties of about 1%. The associated particle method, 
restricted to certain neutron energy ranges, gives uncertainties of ≥ 0.5%. (The Al-27(n,α) cross 
section at 14 MeV is an example of an associated particle measurement). Only very few cross 
sections can really reach the uncertainty level of the absolute measurements. In such cases all other 
systematic uncertainty components must be of negligible order of magnitude. With consideration of 
the status of the available experimental database, the magnitude of some of the recently quoted 
cross section uncertainties seems quite unreal. 
 
Secondly, a test of the data of the IRDF-90.2 and JENDL/D-99 libraries in the 235U neutron field 
was planned. In the course of work some complications did arise. As the most appropriate 
description of the spectral distribution of the fission neutrons of 235U, the data of the Madland-Nix 
model [6] given in the ENDF/B-VI library [7] were identified. However, this model fails in 
adequately describing the neutron spectrum at energies > 10 MeV and uncertainty information is 
lacking. This situation is shown in Fig. 2. In the upper part of the figure the C/E-values of various 
neutron reactions in the 252Cf neutron field are plotted as a function of the mean neutron energy of 
the response function in this field. The given uncertainties comprise the contributions of <σ>, σ(E) 
and N(E). The neutron spectrum is that of Ref. [5] and the <σ> data are the same as in column 2 of 
Table 1. However, the σ(E) data used in Fig. 2 were taken from various evaluations and are not 
identical with the data given in Table 1. With a few exceptions, most of the C/E-values in the 252Cf 
neutron field are grouped within a band of ± 5% around unity, independent of the mean neutron 
energy of the individual reactions. In the lower part of Fig. 2, a similar representation is shown for 
the data in the 235U neutron field. The neutron spectrum is that of Ref. [7]. The <σ> values are from 
Ref. [2], also given in Fig. 1, and the σ(E) data are the same as in the upper part of the figure. In the 
uncertainties of these C/E-values the spectral component is lacking. The C/E-values calculated in 
the 235U neutron field show a pronounced trend at high neutron energies which originates from the 
spectral description with the Madland-Nix model. At low and medium neutron energies the 
Madland-Nix model is a fair description of the 235U fission neutron spectrum. With increasing 
neutron energy, the C/E-value of the Al-27(n,α) reaction is the last one which is not influenced by 
the obvious underestimation of the high-energy portion of the 235U fission neutron spectrum. 



 - 63 - 

 
 

 
 
Fig. 2 C/E-values obtained in the fission neutron fields of 252Cf and 235U. The σ(E) data were 

the same in the upper and lower part of the figure. The 235U spectrum is from Ref. [7]. 
 
 
In Table 2 some additional details are summarized by using the high-threshold reaction of 
58Ni(n,2n)57Ni as an example. The 90% energy response range of this reaction is between 13.11 and 
18.09 MeV in the 252Cf field and between 13.03 and 17.73 MeV in the 235U field. 
 
The σ(E) data of 58Ni(n,2n)57Ni in the IRDF-90.2 library originate from the IRK-90 evaluation [9]. 
The C/E-value calculated with the original data of [9] in the 252Cf field is 1.022 ± 0.077 and 
confirms the validity of σ(E). With the data of the IRDF-90.2 evaluation a slightly different result of 
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Table 2  Ratio of calculated-to-experimental spectrum-averaged cross sections <σ> of the 

58Ni(n,2n)57Ni reaction obtained with various data of N(E) and σ(E). 
Fission neutron field C/E-values Sources of 
  N(E) σ(E) 
Cf-252 (sf) 1.022 ± 0.077 a) ENDF/B-VI [5] IRK-90 [9] 
 1.033 ± 0.079 a) ENDF/B-VI [5] IRDF-90.2 
U-235 + n(thermal) 0.880 ± 0.037 b)    ENDF/B-VI c) [7] IRK-90 [9] 
 0.838 ± 0.035 b)    ENDF/B-VI d) [7] IRK-90 [9] 
 0.692    Watt spectrum [8] IRDF-90.2 
 
a) includes the uncertainty contributions of the spectrum, of σ(E) and of <σ> 
b) without consideration of the spectral uncertainties 
c) based on the given data, with lin-lin interpolation (INT=2) valid for all data 
d) modified, by replacing the interpolation with INT=4 for the data above 10 MeV 
 
1.033 is obtained. The difference between both evaluations is in the transformation of the original 
data to a 640 group structure. The C/E-value of 0.880 calculated in the 235U field with the ENDF/B-
VI spectrum [7] is an artefact. In ENDF/B-VI the number of data points given is insufficient to 
describe the shape of the original Madland-Nix model. After correction of this deficiency a value of 
0.838 ± 0.035 is obtained in the 235U neutron field. A comparison of this value with that obtained in 
the 252Cf field shows the peculiarity of a lacking adequate model description of the high energy 
portion of the 235U spectrum. The results of other high-threshold reactions confirm this trend and 
exclude the possibility that the underestimation is caused by erroneous integral experiments. At 
present, the C/E comparisons in the 235U field are restricted to those σ(E) data with mean energy 
responses of < 10 MeV. When a Watt spectrum [8] is used, it is necessary to restrict the 
comparisons to σ(E) data with mean energy responses of < 7-8 MeV. 
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The assessment of neutron exposure and radiation damage in materials is dependent on several 
key parameters including the measured neutron fluence spectrum and the derived radiation 
damage parameters displacements per atom (dpa) and gas production.  Revised versions of the 
SPECTER [1] and STAY’SL [2] computer codes have been provided to the Nuclear Data Section 
of the IAEA for use with the production of IRDF-2002.  STAY’SL performs a least-squares 
adjustment of neutron flux spectra, taking into account all known uncertainties and their 
associated covariances. SPECTER performs radiation damage calculations for any given neutron 
energy spectrum. 
 
A new PC version of the SPECTER computer code provides dpa and gas production values, as 
well as the primary atomic recoil spectra, for over 40 elements and compounds and only requires 
the neutron flux spectrum and irradiation time as input data.  A recent addition to SPECTER 
includes the new ASTM E693 standard for the dpa cross section of iron.  The new ASTM 
standard iron dpa cross section has been compared with the previous ASTM standard, as shown 
in Figure 1, as well as the iron dpa cross section in SPECTER and, in general, spectral averaged 
dpa results differ by less than 10%.  Nevertheless, it is important to consider such differences in 
the comparison of dpa values with previous work in the literature in order to prevent the creation 
of biases in the interpretation of radiation damage effects.   
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Figure 1 – Comparison of ASTM E693 dpa cross sections for iron from 1994 and 2001. 
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SPECTER has also been revised to include a calculation of the gas production and extra dpa due 
to the 58Ni(n,γ)59Ni(n,α) and (n,p) reactions.  These calculations are strongly non-linear due to the 
build up and burn out of 59Ni and the results must be added to the fast neutron gas production.  
The production of helium or hydrogen from the two-step nickel reaction 58Ni(n,γ)59Ni (n,p or n,α) 
is given by: 

N(x)/No(Ni) =   0.6808 σx {σγ(1-e-σΤφt) – σ
T
(1-e-σγφt)} / σ

T
 (σγ-σ

T
)               (1) 

 
where N(x) = atoms of H or He at time t, No(Ni) = initial atoms of Ni, 0.6808 is the abundance of 
58Ni, σx = spectral averaged reaction cross section for p or α production from 59Ni, σγ = cross 
section for 58Ni(n,γ), σT = total absorption cross section for 59Ni, and φt = the total neutron 
fluence.  Although the calculations in SPECTER average these reaction cross sections over the 
entire neutron spectrum, the largest contribution is due to the thermal neutrons.   
 
The 59Ni reaction calculations have recently been verified at very high neutron fluences in the 
High Flux Isotopes Reactor (HFIR) at Oak Ridge National Laboratory. [3] Figure 2 shows mass 
spectrometry data for various nickel samples irradiated to very high fluences in HFIR.  The solid 
lines are calculations based on the evaluated 58Ni and 59Ni cross sections in ENDF/B-VI. [4] As 
can be seen, the data and measurements are in excellent agreement.  However, helium 
measurements do not agree with the calculations at these high neutron fluences, as shown in 
Figure 3, suggesting a previously unknown source of helium due most likely to daughter or 
granddaughter isotopes. [3] Table 1 lists the Q-values and thermal neutron cross sections for 
several proton-rich isotopes in the mass range near nickel.  Some of these isotopes may help 
explain the excess helium seen in Figure 3.  However, further work is needed to determine the 
source of this excess helium. 
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Figure 2 –Comparison of measured (points) and calculated (lines) nickel isotopic concentrations 

as a function of the thermal neutron fluence.  Note that the 59Ni values are multiplied 
times 10 for clarity. 
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Table 1 – Q-Values and Thermal Neutron Cross sections for H and He Production 
 

(n,α) Helium Reactions (n,p) Hydrogen Reactions  

Isotope Q,MeV Thermal σ,b Q,MeV Thermal σ,b 

Ni-59 5.096 12.0 1.855 1.96 
Zn-65 6.481 4.7 2.134 ? 
Fe-55 3.584 0.011 1.014 ? 
Co-58 3.511 ? 3.089 ? 
Co-57 1.858 ? 1.618 ? 

 
Hydrogen measurements were also made on the high-dose HFIR nickel samples.  The 
measurements were made using a new hydrogen measurement system developed at PNNL in 
1999. [5] The system heats small radioactive samples up to ~ 1200oC without melting or 
vaporizing them.  Hydrogen leak standards are used to calibrate the system.  In addition to rapid 
hydrogen release at a fixed temperature, hydrogen release can also be measured as a function of 
temperature.  Hydrogen levels measured in the nickel samples are generally higher than 
calculated, as shown in Figure 4.  The most surprising result, however, is that so much hydrogen 
is retained at the elevated temperatures of the HFIR samples.  Hydrogen measurements for 
various steel samples irradiated to high neutron fluences also show surprisingly high retention of 
hydrogen at irradiation temperatures from 300 to 600oC, contrary to expectations. With these 
data, there is a growing body of evidence that hydrogen can be trapped in voids associated with 
high levels of helium. [6,7] Although the measured hydrogen levels in Figure 4 are higher than 
the calculations, reactor samples are also exposed to high levels of hydrogen from environmental 
effects such as water radiolysis.  Consequently, the excess hydrogen in these samples may be due 
to environmental rather than nuclear sources.  Consequently, the main point is that the hydrogen 
is retained at these high temperatures. 
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Figure 3 – Measured and calculated helium production from nickel irradiated in HFIR.  The 

solid line is calculated using the evaluated 59Ni cross sections.  Dpa values are 
shown for 316 stainless steel (Ni dpa values are much higher). 
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A new PC version of the STAY’SL computer code is now available for distribution with IRDF-
2002.  This code performs neutron spectral adjustments based on the least squares technique, 

given the input neutron flux spectrum and the measured reaction rates along with their 
uncertainties and covariances. The code package contains neutron activation cross sections and 
uncertainties compatible with IRDF-90.  These libraries will be updated and tested with the new 
IRDF-2002 libraries when they become available. 
 
Retrospective reactor dosimetry is rapidly becoming an accepted technique to assess materials 
exposure and radiation damage in operating power reactors. This technique analyzes small 
samples obtained from reactor components either during reactor outages or when components are 
removed from the reactor for replacement or decommissioning.  Measurements have been made 
at various locations in BWR reactors and for baffle bolts removed from various PWR reactors. [8] 
The technique allows measurement of the neutron flux spectra and assessment of radiation 
damage in situations where standard reactor dosimetry capsules were not available. The most 
useful reactions include 54Fe(n,p)54Mn, 58Ni(n,p)58Co, and 59����� �60Co, which are easily 
measured in most reactor steels.  The concentration of the impurity cobalt, as well as exact values 
of the major elements, needs to be accurately determined by x-ray fluorescence or other 
techniques.  It is also critically important to obtain an accurate power history for the reactor, 
taking into account any changes in the core edge fuel loading. There are a number of additional 
reactions which are very useful for this technique that are not generally used for reactor 
dosimetry, including 93Nb(n,γ)94Nb, 93Nb(n,n’)93mNb,  54Fe(n,γ)55Fe, and 62Ni(n,γ)63Ni. The latter 
three reactions require wet chemistry and x-ray or liquid scintillation counting.  However, the 
longer half-lives of these reaction products make the reactions less dependent on details of the 
reactor power history. More work is needed to evaluate these cross sections and to provide the 
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Figure 4 – Measured (diamonds) and calculated (dots) hydrogen in nickel irradiated in 

HFIR.  Dpa values are shown for 316 stainless steel.  Note that hydrogen is 
retained in the samples during irradiations from 300 to 600 oC. 
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covariance data needed for neutron spectral adjustment so that the data can be added to IRDF-
2002.  Measurements of activation products in reactor components show reasonable agreement 
with calculations using activation cross sections from ENDF/B-V, as shown in Table 2.  The 
spectral averaged cross sections and epithermal corrections for the thermal neutron reactions were 
calculated using a typical neutron spectrum for the last water node prior to the pressure vessel of 
a US BWR reactor near core midplane.  Efforts are currently underway to compare these 
measurements with detailed neutron spectral calculations at the exact location of the samples, 
taking into account the fuel loading and power history of the reactor. 
 
Although retrospective reactor dosimetry is relatively straightforward with stainless steel, 
Inconel, an alloy consisting of about 70% nickel and equal amounts of iron and manganese, 
produces significant interferences between several important activation reactions. The main 
interfering reactions are indicated by the footnotes in Table 2. More work is needed to develop 
standard procedures and evaluated cross sections for retrospective reactor dosimetry 
measurements.  However, the technique has proven to be highly useful for determining neutron 
fluences and radiation damage for various locations in operating reactors, from core components 
to the reactor pressure vessel. 
 

Table 2. Spectral Averaged Cross Sections and Neutron Fluences for Inconel Samples 
 

  
Neutron Cross Section, barns 

Fluence, 
x1017 n/cm2 

 
Reaction 

 
Thermal 

 
Epithermal factor 

 
Thermal 

54Fe(n,γ)55Fea 2.25 1.023 8.53 ±30% 
62Ni(n,γ)63Nib 14.5 1.020 8.65 ±10% 
58Fe(n,γ)59Fe 1.28 1.058 10.8  ± 5% 
50Cr(n,γ)51Cr 15.9 1.021 9.86 ± 2% 

59Co(n,γ)60Coc 37.2 1.087 10.5 ± 12% 
  Average = 9.96 � 10% 
    

Reaction Fast > 1 MeV  Fast < 1 MeV 
93Nb(n,n’)93mNb 0.211  8.28 ± 10% 
54Fe(n,p)54Mnd 0.185  7.48 ± 20% 
58Ni(n,p)58Co 0.233  8.27 ± 15% 

  Average = 8.20 � 10% 
 a50% correction applied for 58Ni(n,α)55Fe 
 b3% correction applied for 62����� �59Fe 
 c12% correction applied for 60Ni(n,p)60Co 
 d40% correction applied for 55Mn(n,2n)54Mn 
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One main objective of dosimetry applications is to determine by use of activa-
tion techniques the neutron fluence – sometimes also the neutron flux – at different
places in a reactor. Other possible domains are activation and transmutation prod-
ucts, radiation damage, gaz production determination.

Up to now the nuclear data libraries devoted to these applications – like IRDF –
consist of neutron induced cross sections only. As the main experimental method
relies on the measurement of radiations emitted by the final radionuclides it was
decided to complete the new IRDF library with an evaluated decay data section.

This contribution shortly describes:
– a possible list of radionuclides to be included in the library,
– the decay data of interest for dosimetry purposes,
– the main source of information for these data: the ENSDF1 library,
– the processing of the data using the SDF2NDF code [BE02], and
– the control of the data before the transformation into the ENDF2 format.
At present the conclusion is primarily a list of questions to be discussed during the
meeting.

Which nuclei?

Considering the target elements and the nuclear reactions for which cross sec-
tions are given in the previous IRDF files and in other libraries like JENDL/D-99
or RRDF-98, a first list of radionuclides which can be considered in the decay data
part of the IRDF-2002 library is given in Table 1 together with some primary decay
data. The final list of radionuclides (including isomers, if any) will also have to be
fully consistent with the final choice made for the cross section part of the library.

1Evaluated Nuclear Stucture Data File [ENSDF].
2Evaluated Nuclear Data File [ENDF].
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Which type of data?

Besides the basic decay data – half-life, decay modes and intensities – which
are necessary for any evolution calculation, the experimental data reduction also
needs the characteristics – energy and intensity – of some specific emitted radiations
(gamma, X-ray...).

The knowledge of the complete decay scheme is not necessary but it may gives
more confidence in the partial data.

Origin of the data

Many of the data mentionned above were determined experimentally and pub-
lished in the litterature. Within the Nuclear Structure and Decay Data (NSDD)
international network these data are then collected, evaluated if necessary, and in-
cluded in the ENSDF library using a specific format.

This format has the advantage that the presentation of the data closely follows
the picture of a decay scheme and there is also room for many comments. Its major
drawback is the lack of readability by a computer program because of its versatility
and its softness. An example is given in Table 2 which describes the well-known
60Co β− decay.

Processing of the data

The decay data existing under the ENSDF format have to be converted into a
more usual format for the reactor physicists: the ENDF format. The conversion is
achieved by using the SDF2NDF code [BE02]. This code derives from the version
5.5 of the code RADLST [BU88] and was highly recoded, translated into double
precision, and enhanced by several new features. It also calculates radiations emit-
ted from the electronic cloud (X-rays, Auger electrons...). Several auxiliary output
files were added in order to make data checking easier.

The ENDF file for the 60Co β− decay example is partly given in Table 3.

Control of the data

In addition to the format conversion aspect of the code a lot of physical checks
are also performed by SDF2NDF to verify the data consistency. We can mention:
– the overall energy balance between the decay Q-value and the sum of the energies

of all emitted particles (including recoils),
– the sum of the transition intensities depopulating an excited level must be equal

to the feeding of this level,
– the transition intensity between two excited levels has to be the sum of the

gamma intensity and the converted electron intensities,
– the total conversion coefficient has to be close to the sum of the partial coeffi-

cients for the different electron shells...
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Conclusion

This note gives a short survey of the different components needed to produce a
decay data section in the IRDF-2002 library but there are still a lot of open questions
like:
– What are the key physical quantities for dosimetry purposes?
– What is the lower half-life limit for considering an excited state as isomeric?
– Which accuracy should be reached for which type of data?
– Which type of experimental result do we have to validate the data?

Answers to these questions are expected from the discussions during the meeting.
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Table 1: The decay data section of the IRDF-2002 library might include the follow-
ing list of nuclides. The decay mode intensities are given in percentage. IT stands
for internal transition and EC for electron capture.

Nucleus Half-life Mode Int.

3- H -1 0 12.32 y β− 100.
11- C -6 0 20.39 m β+ 100.
15- O -8 0 2.04 m β+ 100.
18- F -9 0 1.83 h β+ 100.
22- Na-11 0 2.6019 y β+ 100.
24- Na-11 0 14.9590 h β− 100.

1 20.02 ms IT 99.95
β− 0.05

27-Mg-12 0 9.458 m β− 100.
31- Si-14 0 2.62 h β− 100.
32- P-15 0 14.262 d β− 100.
46- Sc-21 0 83.79 d β− 100.

1 18.75 s IT 100.
47- Sc-21 0 3.3492 d β− 100.
48- Sc-21 0 43.67 h β− 100.
45- Ti-22 0 3.08 h EC 100.
51- Cr-24 0 27.7025 d EC 100.
54-Mn-24 0 312.12 d EC ∼ 100.

β− <2.9e-4
56-Mn-24 0 2.5789 h β− 100.
53- Fe-26 0 8.51 m EC 100.

1 2.526 m IT 100.
59- Fe-26 0 44.503 d β− 100.
58- Co-27 0 70.86 d EC 100.

1 9.04 h IT 100.
60- Co-27 0 5.2713 y β− 100.

1 10.467 m β− 99.76
IT 0.24

57- Ni-28 0 35.60 h β+ 100.
62- Cu-29 0 9.726 m β+ 100.
64- Cu-29 0 12.700 h EC 61.0

β− 39.0
74- As-33 0 17.77 d EC 66.

β− 34.
88- Y-39 0 106.65 d β+ 100.
89- Zr-40 0 78.41 h EC 100.

1 4.161 m IT 93.77
EC 6.23

92- Nb-41 0 3.47e+7 y EC 100.
1 10.15 d IT 100.

93- Nb-41 1 16.13 y IT 100.
94- Nb-41 0 2.03e+4 y EC 100.

1 6.263 m IT 99.50
β− 0.50

Nucleus Half-life Mode Int.

103- Rh-45 1 56.114 m IT 100.
110- Ag-47 0 24.6 s β− 99.70

EC 0.30
1 249.76 d β− 98.64

IT 1.36
114- In-49 0 71.9 s β− 99.50

EC 0.50
1 49.51 d IT 96.75

EC 3.25
2 43.1 ms IT 100.

115- In-49 0 4.41e+14 y β− 100.
1 4.486 h IT 95.0

EC 5.0
116- In-49 0 14.10 s β− 99.77

EC 0.23
1 54.29 m β− 100.
2 2.18 s IT 100.

126- In-49 0 1.60 s β− 100.
1 1.64 s β− 100.

126- I-53 0 13.11 d EC 56.3
β− 43.7

140- La-57 0 1.6781 d β− 100.
140- Pr-59 0 3.39 m EC 100.
152- Eu-63 0 13.537 y EC 72.1

β− 27.9
1 9.3116 h β− 72.

EC 28.
2 96. m IT 100.

165- Dy-66 0 2.334 h β− 100.
1 1.257 m IT 97.76

β− 2.24
168-Tm-69 0 93.1 d EC 99.99

β− 0.01
182- Ta-73 0 114.43 d β− 100.

1 15.84 m IT 100.
187- W-73 0 23.72 h β− 100.
196- Au-79 0 6.183 d EC 92.8

β− 7.2
1 8.1 s IT 100.
2 9.6 h IT 100.

198- Au-79 0 2.69517 d β− 100.
1 2.27 d IT 100.

199- Hg-79 1 42.6 m IT 100.
233- Th-90 0 22.3 m β− 100.
239- U-92 0 23.45 m β− 100.
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Table 2: ENSDF format example (60Co β− decay) showing the close connection
between the physical quantities and the data structure. Comments records are sup-
pressed for clarity purpose.
60NI 60CO B- DECAY (1925.3 D) 200009
60NI H TYP=UPD$AUT=R. Helmer$CIT=ENSDF$CUT=01-SEP-1996$DAT=12-SEP-2000$
60NI N 1.0 1.0 1.0 1.0
60CO P 0.0 5+ 1925.3 D 3 2823.9 5
60NI L 0 0+ STABLE
60NI L 1332.508 4 2+ 0.9 PS 3
60NI B 1492 20 0.12 3 14.70 11 2U
60NIS B EAV=625.87 21
60NI G 1332.492 4 99.9826 6 E2 1.28E-4 5
60NI2 G EKC=1.15E-4 5
60NI L 2158.61 3 2+
60NI B 670 20 0.000 2 14.0 GE 2U
60NIS B EAV=274.93 21
60NI G 826.10 3 0.0076 8 D+Q +0.9 3 3.3E-4 4
60NI2 G KC=3.1E-4 4 $ LC=2.94E-5 17
60NI G 2158.57 3 0.0012 2 4.91E-5
60NI2 G KC=4.48E-5 14 $ LC=4.3E-6 2
60NI L 2505.748 5 4+ 0.30 PS 9
60NI B 317.88 10 99.88 3 7.512 2
60NIS B EAV=95.77 15
60NI G 347.14 7 0.0075 4 5.54E-317
60NI2 G KC=5.03E-3 15 $ LC=5.08E-4 15
60NI G 1173.228 3 99.85 3 E2(+M3) -0.0025 22 1.68E-4 4
60NI2 G EKC=1.51E-4 7
60NI G 2505.692 5 2.0E-6 4 E4 8.6E-5 3
60NI2 G KC=7.8E-5 3 $ LC=7.6E-6 3

Table 3: ENDF format example (60Co β− decay) as converted from the ENSDF
format. Only two sections are given for clarity purpose.

header section
2.70600+04 5.94190+01 0 0 0 4
1.66346+08 2.59200+04 0 0 6 0
9.67355+04 2.42148+02 2.50384+06 3.52186+02 0.00000+00 0.00000+00
5.00000+00 1.00000+00 0 0 6 1
1.00000+00 0.00000+00 2.82390+06 5.00000+02 1.00000+00 0.00000+00

gamma section
0.00000+00 0.00000+00 0 0 6 6

1.00000−02 0.00000+00 2.50384+06 3.52186+02 0.00000+00 0.00000+00
3.47140+05 7.00000+01 0 0 12 0
1.00000+00 0.00000+00 7.50000−03 4.00000−04 0.00000+00 0.00000+00

5.54000−03 1.70000−04 5.03000−03 2.12769−04 5.08000−04 2.13836−05
8.26100+05 3.00000+01 0 0 12 0
1.00000+00 0.00000+00 7.60000−03 8.00000−04 0.00000+00 0.00000+00

3.30000−04 4.00000−05 3.10000−04 4.10669−05 2.94000−05 1.91518−06

1.17323+06 3.00000+00 0 0 12 0
1.00000+00 0.00000+00 9.98500+01 3.00000−02 0.00000+00 0.00000+00

1.68000−04 4.00000−06 1.51000−04 7.00000−06 0.00000+00 0.00000+00

1.33249+06 4.00000+00 0 0 12 0
1.00000+00 0.00000+00 9.99826+01 6.00000−04 0.00000+00 0.00000+00

1.28000−04 5.00000−06 1.15000−04 5.00000−06 0.00000+00 0.00000+00
2.15857+06 3.00000+01 0 0 12 0
1.00000+00 0.00000+00 1.20000−03 2.00000−04 0.00000+00 0.00000+00

4.91000−05 0.00000+00 4.48000−05 1.94071−06 4.30000−06 2.37994−07
2.50569+06 5.00000+00 0 0 12 0
1.00000+00 0.00000+00 2.00000−06 4.00000−07 0.00000+00 0.00000+00

8.60000−05 3.00000−06 7.80000−05 3.80468−06 7.60000−06 3.76808−07
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fax: (43-1) 26007

cable: INATOM VIENNA
telephone: (43-1) 2600-21708

 Online:  TELNET or FTP: iaeand.iaea.org 
  username:  IAEANDS for interactive Nuclear Data 
Information System 
  usernames:  ANONYMOUS for FTP file transfer; 
   FENDL2 for FTP file transfer of FENDL-2.0; 
   RIPL for FTP file transfer of RIPL; 
   NDSONL for FTP access to files sent to NDIS 
"open" area. 
 Web:  http://www-nds.iaea.org 

 

 




