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ABSTRACT 

An ENDF-6 compatible evaluation for neutron induced reactions in the resonance region has been completed 

for 
106,108,110,111,112,113,114,116

Cd.  The parameters are the result of an analysis of experimental data available in the 

literature together with a parameter adjustment on transmission and capture data obtained at the time-of-flight 

facility GELINA. Complete evaluated data files in ENDF-6 format have been produced by joining the 

evaluations in the resonance region with corresponding files from the JEFF-3.1.2 nuclear data library (or with 

the JEFF-Beta-CAD proposed evaluation in case of 
113

Cd). These files were produced for use in the JEFF32T2 

library. For neutron induced reactions in the unresolved resonance region the JENDL-4.0 evaluation for 
111

Cd 

and 
113

Cd was adopted. The evaluated files have been processed with the latest updates of NJOY.99 to test their 

format and application consistency as well as to produce a continuous-energy data library in ACE format for 

use in Monte Carlo codes. The ACE files have been utilized to study the effect of the evaluated resonance 

parameters on results of integral experiments. The evaluated files will be implemented in the next release of the 

JEFF-3 library which is maintained by the Nuclear Energy Agency of the OECD. 
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1. INTRODUCTION 

The interest in cadmium is primarily due to the presence of a very strong resonance at 0.178 eV. A 1-mm thick 

sheet of 
nat

Cd can be used to absorb almost all neutrons with an energy below about 0.25 eV, at the same time 

absorbing only a small fraction of the neutrons with an energy above about 0.5 eV (except in the region of the 

resonances present in natural cadmium). Therefore, the total cross section for neutron induced reactions in 
nat

Cd 

is very important for a correct interpretation and analysis of neutron experiments using cadmium as an absorber. 

Nevertheless, experimental data covering the resolved resonance region are rather scarce. Resonance parameters 

for cadmium isotopes recommended in evaluated data files are primarily based on a compilation of parameters 

listed in Liou et al. [1], Musgrove et al. [2] and Wasson and Allen [3]. The ENDF/B-VII.1 [4] and JENDL-4.0 

[5] evaluations include the parameters of Frankle et al. [6] for n+
113

Cd as well.   

 

A set of capture and transmission measurements have been carried out at the Time-Of-Flight (TOF) facility 

GELINA [7] of the EC-JRC-IRMM at Geel (B) [8,9], following the measurement and data reduction procedures 

recommended in Ref. [10]. Volev et al. [10] reported an evaluation for neutron induced reactions in cadmium 

covering both the thermal and resolved resonance region. This evaluation is based on an extensive study of 

parameters reported in the literature combined with a simultaneous resonance shape analysis (RSA) of the 

transmission and capture data obtained at GELINA along with using well documented experimental data from 

other facilities available in numerical form [6]. The RSA was carried out with the REFIT code [11] based on the 

Reich-Moore approximation [12] of the R-matrix theory [13]. 

 

The evaluations in the resolved resonance region with parameters recommended by Volev et al. [10] have been 

joined with nuclear data libraries to produce evaluated data files in ENDF-6 format [14]. The JEFF-3.1.2 library 

[15] was used as a base file. The evaluated files have been processed with the latest updates of NJOY.99 [16] to 

test the consistency of the files and to study the effect of the evaluated resonance parameters on results of 

integral experiments. 

2. ENDF-6 COMPATIBLE FILES FOR CADMIUM ISOTOPES  

The resonance parameter files of Ref. [9] have been joined with the JEFF-3.1.2 nuclear data library (or with the 

JEFF-Beta-CAD proposed evaluation in case of 
113

Cd) to produce complete evaluated data files in ENDF-6 

format. The ground state spin and parity I
π
, neutron separation energy Sn for the system 

A
Cd + n, and boundaries 

for the resolved and unresolved resonance regions are given in Table 1.   

 

For 
111

Cd and 
113

Cd the unresolved resonance region (URR) evaluations recommended in the JENDL-4.0 library 

were adopted.  Thus, the self-shielding calculations related to 
111

Cd and 
113

Cd can be performed up to the upper 

URR boundary of 200 keV (see Fig. 1 and Fig. 2).  The capture cross section skip of 128 mb (46%) for 
111

Cd at 

the boundary of 200 keV between the unresolved and the continuous region is a result of the JEFF-3.1.2 

evaluation sticking to the data derived by Musgrove et al. [2]. It is worth noting that the JEFF-3.1.2 capture cross 

section of 
111

Cd in the region from 9 keV up to several hundred keV is based on the capture data by Musgrove et 

al. [2], while the JENDL-4.0 capture and total cross sections for 
111

Cd in the URR and above are predominantly 

influenced by the data determined later in the work of Wisshak et al. [17]. Therefore, an update of the continuous 

region of JEFF for 
111

Cd above 200 keV can also be recommended in order to avoid the above mentioned skip. 

 

The upper limit of the RRR (or lower limit of URR) for 
113

Cd was set at 4 keV. Hence, the approach to account 

for missing levels by adding a generated ladder of unobserved resonances was avoided after treating the region 

above 4 keV as unresolved. Additional file corrections were:  

to the JEFF-3.1.2 file: 

- the Q-value for 
113

Cd MF3/MT107 of 5310.3 keV was updated to 4948.43 keV; 

to the CAD file for 
113

Cd (in accordance with JEFF-3.1.2): 

- the Q-value for MF3/MT102 of 9.0410 MeV was set to 9.04298 MeV; 

- the MF5/MT16 fractional probability of 0.1 was set to 1.0.   
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Isotope I
π
 Sn / keV URR limits / keV 

   Lower Upper 

106
Cd 0

+
 7931.0 6.0  100  

108
Cd 0

+
 7323.1 6.0  100  

110
Cd 0

+
 6975.72 7.2  100  

111
Cd ½

+
 9394.32 2.3  200  

112
Cd 0

+
 6540.00 7.0  100  

113
Cd ½

+
 9042.98 4.0  200  

114
Cd 0

+
 6140.9 8.0  100  

116
Cd 0

+
 5777.2 9.0  100  

Table 1. Ground state spin and parity I
π
, neutron separation energy Sn for 

A
Cd + n, and boundaries of the URR 

for the cadmium isotopes considered in this work. 
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Fig. 1. Average self-shielded total cross sections for 
111

Cd as a function of neutron energy at a temperature T = 

293.6 K for different dilution cross sections σd = ∞, 100 and 1 b. 
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Fig. 2. Average self-shielded total cross sections for 
113

Cd as a function of neutron energy at a temperature T = 

293.6 K for different dilution cross sections σd = ∞, 100 and 1 b. 
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The total, elastic scattering and capture cross section at thermal energy together with the resonance integral 

derived from the data files recommend in this work are reported in Table 2. The data are for a temperature T = 0 

K. The resonance integral is calculated with 0.5 eV and 100 keV as a lower and upper integration limit 

respectively.   

 

Isotope (n,tot)  (n,n)  (n,γ) 

 σtot / barn RItot / barn  σn / barn RI n / barn  σγ / barn RIγ / barn 

106
Cd 5.527 82.217  4.5414 76.446  0.986 5.771 

108
Cd 4.236 117.639  3.331 101.279  0.906 16.360 

110
Cd 15.233 157.837  4.235 124.799  10.999 33.038 

111
Cd 12.457 126.989  5.587 77.121  6.870 49.866 

112
Cd 7.273 93.725  5.075 80.765  2.198 12.960 

113
Cd 20185.203 495.631  21.533 95.688  20163.670 399.940 

114
Cd 5.991 134.692  5.685 122.346  0.305 12.346 

116
Cd 5.019 71.176  4.943 69.402  0.076 1.774 

Table 2. Total σtot, elastic scattering σn and capture σγ cross section at thermal energy and resonance integral RI 

derived from the evaluated data files recommended in this work. The data are for a temperature T = 0 K. The 

resonance integral is derived with a lower limit of 0.5 eV and an upper limit of 100 keV. 

 

3. COMPARISON WITH EXPERIMENTAL DATA 

3.1 Microscopic cross section data 

In Fig. 3 the total cross section for neutron induced reactions in natural Cd at thermal energy and at a 

temperature T = 300 K derived from evaluated data files are compared with experimental data. In Fig. 4 the 

results of transmission and capture measurements reported in Ref. [10] are compared with the theoretical values 

derived from the resonance parameters reported in this work as well as with those resulting from the JEFF-3.1.2, 

ENDF/B-VII.1 and JENDL-4.0 libraries. The comparisons in Fig. 3 and Fig. 4 reveal that the present evaluation 

reflects the status of experimental data reported in the literature, including the data of Volev et al. [10].  
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Fig. 3. Comparison of the experimental data for the total cross section of n+

nat
Cd at 2200 m/s with the values 

derived from evaluated data files for a temperature T = 300 K. The value resulting from the evaluation reported 

in this work is σ(n,tot) = 2487 b. 
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Fig. 4. Result of a RSA of transmission and capture data measured with a natural Cd-sample at GELINA. The 

experimental transmssion T
exp

 and yield Yexp result from measurements with a 25 mm and 2 mm metal disc of 
nat

Cd, respectively. The theoretical transmission and yield based on this work, JEFF-3.1.2, ENDF/B-VII.1 and 

JENDL-4.0 are also shown.  

3.2 Integral experiments 

To study the effect of the resonance parameters obtained in this work on the interpretation of the integral 

experiments reported by Lloyd et al. [18], the exercise performed by Kopecky et al. [8] was repeated. The results 

are given in Table 3. Details of the integral experiments can be found in the handbook of evaluated criticality 

safety benchmark experiments with reference HEU-SOL-THERM-049 [19]. The experiments consisted of a 

cylindrical stainless-steel vessel surrounded by an effectively infinite reflector of water around and beneath it. 

The vessel contained a high enriched uranium solution, with or without cadmium nitrate in the solution. In some 

cases additional soluble cadmium absorbers were added to the reflector. In Table 3 results of calculations using 

seven resonance parameter files are compared. The files considered are: 

(1) the reference library of Ref. [19] 

(2) JEFF-3.1 

(3) JEFF-3.1 with the 0.178 eV parameters of Kopecky et al. [8] 

(4) ENDF/B-VII.0 

(5) ENDF/B-VII.0 with the 0.178 eV parameters of Mosteller et al. [20] 

(6) ENDF/B-VII.0 with the 0.178 eV parameters of Kopecky et al. [8] 

(7) ENDF/B-VII.0 and the Cd parameter files recommended in this work. 

Comparing the results in Table 3 the same conclusion as in the work of Kopecky et al. [8] can be drawn. The 

changes in the parameters, in particular the neutron width of the resonance at 0.178 eV, have an impact on the 

results and improve the agreement between calculations and experiment. However, the changes are not enough 

to bring the calculations in agreement with the results of the experiment.  It should be noted that for case 21 in 

Table 3., which according to Mosteller et al. [20] was the most sensitive to the thermal neutron absorption in 

cadmium, the result based on the file produced in this work is in better agreement compared with the one 

obtained by Mosteller et al. [20]. Based on different differential neutron scattering tables, i.e S(α,β) tables, we 
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verified that the results of the experiments of Lloyd et al. [18] are more sensitive to the scattering treatment than 

to the resonance parameters of Cd. Therefore, this integral experiment cannot be used to validate the parameters 

of the 0.178 eV resonance, as in the work of Mosteller et al. [20]. 

  

 

Case U density Cd density 

In-vessel 

Cd density 

in reflector 

keff calculated using different data libraries 

 (mg/g) (mg/g) (mg/g) (1) (2) (3) (4) (5) (6) (7) 

1 293.85 0.0 0.0 0.9881 0.9984  0.9983 0.9992 0.9983  

2 294.17 0.0 14.848 0.9897 0.9893 0.9897 0.9885 0.9954 0.9906 0.9908 

3 292.98 1.208 0.0 0.9940 0.9937 0.9937 0.9967 0.9960 0.9950 0.9949 

4 291.34 2.393 0.0 0.9927 0.9928 0.9935 0.9947 0.9953 0.9958 0.9954 

5 290.58 3.897 0.0 0.9922 0.9923 0.9940 0.9961 0.9961 0.9977 0.9971 

6 306.43 4.067 0.0 0.9962 0.9954 0.9971 0.9990 1.0000 1.0011 1.0011 

7 306.79 4.196 0.0 0.9961 0.9960 0.9979 1.0006 1.0002 1.0015 1.0009 

8 306.93 4.279 0.0 0.9952 0.9937 0.9962 0.9980 0.9987 0.9994 0.9999 

9 298.38 0.0 0.0 0.9978 0.9967  0.9982 0.9976 0.9982  

10 298.76 0.0 10.596 0.9907 0.9900 0.9902 0.9906 0.9891 0.9902 0.9901 

11 301.17 1.240 10.60 0.9901 0.9898 0.9884 0.9907 0.9908 0.9888 0.9883 

12 303.48 2.250 10.60 0.9910 0.9909 0.9896 0.9920 0.9924 0.9911 0.9909 

13 302.03 3.362 10.60 0.9895 0.9890 0.9905 0.9931 0.9919 0.9921 0.9919 

14 301.84 4.189 10.60 0.9887 0.9884 0.9889 0.9906 0.9923 0.9921 0.9911 

15 300.94 4.577 10.60 0.9909 0.9909 0.9917 0.9940 0.9941 0.9947 0.9943 

16 300.75 4.897 10.60 0.9896 0.9893 0.9908 0.9925 0.9921 0.9931 0.9921 

17 301.14 5.049 9.519 0.9885 0.9878 0.9891 0.9910 0.9915 0.9919 0.9910 

19 301.55 5.032 0.0 0.9899 0.9900 0.9918 0.9931 0.9936 0.9954 0.9951 

20 300.83 5.937 0.0 0.9904 0.9898 0.9914 0.9910 0.9939 0.9963 0.9958 

21 303.06 6.262 0.0 0.9879 0.9878 0.9898 0.9911 0.9918 0.9948 0.9939 

 

Table 3. Results of calculated keff for the integral experiment of Lloyd et al. [18], with reference HEU-SOL-

THERM-049 in Ref. [19], using different nuclear data libraries. The indexes of the libraries are explained in the 

text. The reference benchmark is 1.0012 with uncertainties ranging from ± 0.0019 to ±  0.0029. 

Acknowledgments 

We are grateful to the Nuclear Data Section of the IAEA and the Nuclear Energy Agency of the OECD for their 

interest in this work. One of the authors (I.S.) acknowledges the financial support of NEA/OECD. This work 

was supported by the European Commission within the Seventh Framework Program through the projects 

EUFRAT (FP7-211499) and ERINDA (FP7-269499). 

REFERENCES 

[1] H.I. Liou, G. Hacken, F. Rahn, J. Rainwater, M. Slagowitz and W. Makofske, “Neutron resonance 

spectroscopy. XV The separated isotopes of Cd”, Phys. Rev. C 10 (1974) 709 – 721. 

[2] A.R. de L. Musgrove, B.J. Allen and R.L. Macklin, “Neutron-capture resonance parameters and cross 

sections for the even-A isotopes of cadmium”, J. Phys. G:Nucl. Phys., 4 (1978) 771 – 785. 

[3] O.A. Wasson and B.J. Allen, “p-wave resonances in 
111

Cd(n,γ)
112

Cd”, Phys. Rev. C 7 (1973) 780 – 787. 

[4] M.B. Chadwick, M. Herman, P. Obložinský, M.E. Dunn, Y. Danon, A.C. Kahler, D.L. Smith, B. 

Pritychenko, G. Arbanas, R. Arcilla, R. Brewer, D.A. Brown, R. Capote, A.D. Carlson, Y.S. Cho, H. 

Derrien, K. Guber, G.M. Hale, S. Hoblit, S. Holloway, T.D. Johnson, T. Kawano, B.C. Kiedrowski, H. 

Kim, S. Kunieda, N.M. Larson, L. Leal, J.P. Lestone, R.C. Little, E.A. McCutchan, R.E. MacFarlane, M. 

MacInnes, C.M. Mattoon, R.D. McKnight, S.F. Mughabghab, G.P.A. Nobre, G. Palmiotti, A. Palumbo, 

M.T. Pigni, V.G. Pronyaev, R.O. Sayer, A.A. Sonzogni, N.C. Summers, P. Talou, I.J. Thompson, A. 

Trkov, R.L. Vogt, S.C. van der Marck, A. Wallner, M.C. White, D. Wiarda, P.G. Young, “ENDF/B-VII.1 

Nuclear Data for Science and Technology: Cross Sections, Covariances, Fission Product Yields and 

Decay Data”, Nuclear Data Sheets 112 (2011) 2887 – 2996. 

[5] K. Shibata, O. Iwamoto, T. Nakagawa, N. Iwamoto, A. Ichihara, S. Kunieda, S. Chiba, K. Furutaka, N. 

Otuka, T. Ohsawa, T. Murata, H. Matsunobu, A. Zukeran, S. Kamada, and J. Katakura: "JENDL-4.0: A 

New Library for Nuclear Science and Engineering", J. Nucl. Sci. Technol., 48 (2011) 1 – 30. 

[6] C.M. Frankle, E.I. Sharapov, Yu. P. Popov, J.A. Harvey, N.W. Hill, and L. W. Weston, “Neutron 

spectroscopy on 
113

Cd to En = 15 keV”, Phys. Rev. C 50 (1994) 2774 – 2785. 



 7 

[7] W. Mondelaers and P. Schillebeeckx, “GELINA, a neutron time-of-flight facility for neutron data 

measurements”, Notiziario Neutroni e Luce di Sincrotrone 11 (2006) 19 – 25. 

[8] S. Kopecky, I. Ivanov, M. Moxon, P. Schillebeeckx, P. Siegler,, and I. Sirakov, “The total cross section 

and resonance parameters for the 0.178 eV resonance of 
113

Cd”, Nucl. Instr. Meth. B 267 (2009) 2345 – 

2350. 

[9] K. Volev, A. Borella, S. Kopecky, C. Lampoudis, C. Massimi,  A. Moens, M. Moxon, P. Schillebeeckx, 

P. Siegler, I. Sirakov, A. Trkov and R. Wynants, ”Evaluation of resonance parameters for neutron 

induced reactions in cadmium”, accepted for publication in Nucl. Instr. Meth. B. 

[10] P. Schillebeeckx, B. Becker,Y. Danon, K. Guber, H. Harada, J. Heyse, A.R. Junghans, S. Kopecky, C. 

Massimi, M.C. Moxon,  N. Otuka, I. Sirakov and K. Volev, “Determination of resonance parameters and 

their covariances from neutron induced reaction cross section data”,  Nuclear Data Sheets 113 (2012) 

3054 – 3100. 

[11] M.C. Moxon and J.B. Brisland, “GEEL REFIT, A least squares fitting program for resonance analysis of 

neutron transmission and capture data computer code”, AEA-InTec-0630, AEA Technology, October 

1991. 

[12] C.W. Reich and M.S. Moore, “Multilevel formula for the fission process”, Phys. Rev. 111 (1958) 929 – 

933. 

[13] A.M. Lane and R.G. Thomas, “R-matrix theory of nuclear reactions”, Rev. Mod. Phys. 30 (1958) 257 – 

353. 

[14] CSEWG, "ENDF-6 Formats Manual. Data Formats and Procedures for the Evaluated Nuclear Data file 

ENDF/B-VI and ENDF/B-VII", BNL-90365-2009, June 2009, (2009). 

[15] A.J. Koning, E. Bauge, C.J. Dean, E. Dupont, U. Fischer, R.A. Forrest, R. Jacqmin, H. Leeb, M.A. 

Kellett, R. W. Mills, C. Nordborg, M. Pescarini, Y. Rugama and P. Rullhusen, “Status of the JEFF 

Nuclear Data Library”, J. of the Korean Physical Society, 59 (2011) 1057 – 1062. 

[16] R.E. MacFarlane and D.W. Muir, “The NJOY Nuclear Data Processing System, Version 91,” Report LA-

12740-M, October 1994. 

[17] K. Wisshak, F. Voss, F. Käppeler, and L. Kazakov, “Neutron capture cross sections for stellar Cd 

production”, Phys. Rev. C 66 (2002) 025801 – 025811.  

[18] R. C. Lloyd, E. D. Clayton, R. E. Wilson, R. C. McBroom, R. R. Jones, “Critical experiments using high-

enriched uranyl nitrate with cadmium absorber”, Nucl. Techn. 79 (1987) 82 – 91. 

[19] S.S. Kim, “Highly Enriched Uranyl Nitrate Solution Containing Cadmium”,  in the International 

Handbook of Evaluated Criticality Safety Benchmark Experiments, NEA/NSC/DOC(95)03/II, Volume II, 

HEU-SOL-THERM-049, 1-70, NEA Nuclear Science Committee, September 2008.  

[20] R. D. Mosteller, R. E. MacFarlane, S. F. Mughabghab and S. S. Kim, “Development and testing of a 

revised ENDF/B-VII capture cross section for 113Cd”, Proc. Int. Conf. on the Physics of Reactors 

“Nuclear Power: A Sustainable Resource”, Interlaken, Switzerland, September 14 – 19, 2008, 

contribution 88. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 8 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

European Commission 

EUR 25800 --- Joint Research Centre --- Institute for Reference Materials and Measurements 

 

Title: ENDF-6 compatible evaluation of neutron induced reaction cross sections for 
106,108,110,111,112,113,114,116

Cd 

 

 

Authors: Ivan Sirakov, Stefan Kopecky, Cristian Massimi, Michael Moxon, Vladimir Pronyaev, Peter Schillebeeckx, Andrej Trkov, 

Konstantin Volev and Ruud Wynants 

 

Luxembourg: Publications Office of the European Union 

 

2013 --- 8 pp. --- 21.0 x 29.7 cm 

 

EUR --- Scientific and Technical Research series --- ISSN 1831-9424 (online) 

 

ISBN 978-92-79-28421-2 (pdf) 

  

 

doi:10.2787/72841  

 

 

 

Abstract 

 

An ENDF-6 compatible evaluation for neutron induced reactions in the resonance region has been completed for 
106,108,110,111,112,113,114,116

Cd.  The parameters are the result of an analysis of experimental data available in the literature together 

with a parameter adjustment on transmission and capture data obtained at the time-of-flight facility GELINA. Complete 

evaluated data files in ENDF-6 format have been produced by joining the evaluations in the resonance region with 

corresponding files from the JEFF-3.1.2 nuclear data library (or with the JEFF-Beta-CAD proposed evaluation in case of 
113

Cd). 

These files were produced for use in the JEFF32T2 library. For neutron induced reactions in the unresolved resonance region the 

JENDL 4.0 evaluation for 
111

Cd and  
113

Cd was adopted. The evaluated files have been processed with the latest updates of 

NJOY.99 to test their format and application consistency as well as to produce a continuous-energy data library in ACE format 

for use in Monte Carlo codes. The ACE files have been utilized to study the effect of the evaluated resonance parameters on 

results of integral experiments. The evaluated files will be implemented in the next release of the JEFF-3 library which is 

maintained by the Nuclear Energy Agency of the OECD. 



 

As the Commission’s in-house science service, the Joint Research Centre’s mission is to provide EU 

policies with independent, evidence-based scientific and technical support throughout the whole policy 

cycle. 

 

Working in close cooperation with policy Directorates-General, the JRC addresses key societal 

challenges while stimulating innovation through developing new standards, methods and tools, and 

sharing and transferring its know-how to the Member States and international community. 

 

Key policy areas include: environment and climate change; energy and transport; agriculture and food 

security; health and consumer protection; information society and digital agenda; safety and security 

including nuclear; all supported through a cross-cutting and multi-disciplinary approach. 
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