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Abstract 

Using the NJOY nuclear data processing system, a coupled neutron-photon multigroup 
MATXS-formatted nuclear data library was generated based on the Files JEF/EFF-1 [1]. The 
neutron heating factors contained in this VITAMIN-J structured library are compared with 
those of MACKLIB-IV [2]. 

The main differences are due to the included decay heat of shortlived reaction products 
in MACKLIB-IV and/or due to too high/low photon production data of some JEF/EFF-1 
isotopes. 

It is recommended to check carefully the energy balance of new evaluations containing 
photon production data. How this can be done with the help of the NJOY HEATR module is 
shown in an example. 

Zusammenfassung 

Eine gekoppelte Neutronen/Photonen Multigruppenbibliothek basierend auf JEF/EFF-1 
wurde mit Hilfe des NJOY Datengenerierungssystems erzeugt. Die Wärmedepositionsfaktorcn 
für Neutronen dieser MATXS Bibliothek mit VITAMIN-J Energiestruktur werden mit jenen 
der MACKLIB-IV Bibliothek verglichen, die auf der Grundlage von ENDF/B-IV Daten mit 
dem MACK-IV Code berechnet wurden. 

Die Ursache von einzelnen grösseren Differenzen liegt bei der Berücksichtigung der 
Zerfallswärme von kurzlebigen Reaktionsprodukten in MACKLIB-IV und/oder bei zu ho
hen/niedrigen Werten für die Photonenproduktion bei einigen Isotopen von JEF/EFF-1. 

Es wird empfohlen die Energiebilanz von neu evaluierten Isotopen mit Photonenproduktion 
sorgfältig zu überprüfen, damit genauere Neutronenwärmedepositonsfaktoren berechnet wer
den können. Auf entsprechende Ausgabedaten des NJOY HEATR Moduls wird hingewiesen. 
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1 Introduction 
To calculate exactly the heat deposition originating from die neutron and photon radiation 
field is one of the main tasks in the design of structures used in fission and fusion reactor 
systems. 

This is usually done with die help of 1-D or 2-D deterministic transport calculations or 
multidimensional Monte Carlo calculations. 

Whereas die methods used in those codes did not change in the last years, the databases 
used for them were recently updated. These databases are not only based on new evalua
tions such as EFF-1 but are sometimes created using new nuclear data processing codes e.g. 
NJOY87. 

In order to assess die changes introduced trough mis, it is worthwhile to compare important 
response functions (like heating factors) used previously widi tfiose contained in die new 
databases. 

This report contains a graphical comparison of neutron heating factors of selected light and 
structural material isotopes of the JEF/ETF-1 VITAMIN J library with those of MACKLIB-
IV. The cause of major differences are discussed and some conclusions for die improvement 
of neutron heating facto. 5 are given. 

First the mediods to calculate neutron heating factors from ENDF files are reviewed. The 
possible reasons of deficiencies in energy balance neutron heating factors are pointed out. 

2 Methodology to Calculate Neutron Heating Factors in NJOY 

The processing scheme used in NJOY to generate die VJTAMIN-J MATXS library is explained 
shortly. For details please refer to die report [1]. 

First, pointwise EFF-1 cross sections were reconstructed and broadened with NJOY (Ver
sion 6/83) for die requested isotopes (about 60) and temperatures up to 900 K. Then the 
prompt heating kerma (Kinetic Energy Release in MAterial) and radiation damage energy 
production were computed pointwise on die grid of die total cross section and written onto the 
output pointwise file at infinite dilution. In a subsequent step die tfiermal region was treated 
acceding to die free gas model and die available scattering laws (rnermal S(a, ß) matrices). 

Second, pointwise cross sections were converted into groupwise data, using the VITAMIN-
E weighting spectrum. The energy self-shielding of resonances bases on die model of a single 
absorber in an infinite moderator. The narrow resonance approach (Bondaienko model) was 
employed for shielding die resonances of light structural isotopes. Data of heavier nuclides 
(Z>13) were shielded on the basis of an accurate slowing down pointwise flux calculation in 
die resolved energy range of die absorber. 

Third, all multigroup cross sections were translated into MATXS format. The MATXS 
file is a cross section library in a flexible format designed to generalize die existing standard 
CCCC files [4]. Vector cross sections for al! reaction types available on die JEF files (including 
damage data and kerma factors) are provided. Furthermore group-to-group scattering matrices 
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(including upscatter) and matrices producing neutrons or photons are available. Data are 
taken at different temperatures, background cross sections and different degrees of anisotropy. 
Neutron and photon data are treated in the same way. Together with the MATXS library an 
index is provided showing all particles and reaction types as well as the temperatures and 
background cross sections included for each material. 

In the following a summary of volume II chapter XII of the NJOY users manual [5] is 
given, which explains the methodology used in the NJOY HEATR module to compute prompt 
neutron heating factors. 

First i will recall the various components of nuclear heating in the following figure taken 
from Ref. [5]. 

[ NEUTRON j 

/ 
1 
I 

\ FLUX J \ 

\J 

prompt 
local 
heating ' 

JI^^ prompt 
^""v. gammas ^, -^ 

production T . 
and burnupV 

> 

. .^delayed 
J gammas 

delayed 
local 

' heating 

\ 
\ 

GAMMA \ 
FLU) 

ß 

1 r 

/ 

1 

prompt 
and 
delayed 
non-local 
heating 

Figure 1 : The components of nuclear heating 

There is a neutron heating part, which is proportional to the neutron flux and is induced 
by the kinetic energy of the charged particles resulting from the neutron reactions (including 
both charged secondary particle and the recoil nucleus itself). The photon heating pan is 
proportional to the flux of secondary photons transported from the site of previous neutron 
reactions. There are also radioactive isotopes produced and burned up from (e.g. capture) 
neutron reactions leading to a delayed time dependent local heating. 

The NJOY produced neutron heating factors include the prompt part of nuclear heating 
only! This is in contrast to the neutron heating factors of MACKLIB-TV which include in 
an approximative way the decay heat of instable reaction products as well. This is the cause 
of major differences found in several isotopes ( in which neutron capture leads to unstable 
reaction products) mainly in the energy range below some keV. 

There are two methods to compute prompt heating factors from ENDF files. The first 



5 

method is the "direct method" by which the kerma factor is calculated summing up the 
individual contributions from all charged products of a reaction (including the recoil nucleus). 

kij(E) = Y:Èijl(E)aii(E) (1) 
i 

kijÇE) is the kerma factor for material i and reaction j at incident energy E and Èiit is the total 
energy carried away by the 1-th species of secondary charged particle. This method cannot 
be used with ENDF-S formatted files because this format does not »How to store the detailed 
spectral information needed to evaluate equation (1). 

Therefore codes used to calculate kermas rely either on kinematic relations and/or the 
"energy balance method". In the latter case the energy allocated to neutrons and photons is 
subtracted from the available energy to obtain the energy carried away by charged particles. 

kij =(E + Qa - Êijn - Ëi^aiE) (2) 

Qij is the mass difference Q value for the reaction j , Ën is the total energy of secondary 
neutrons, and Ëy is the energy of secondary photons including photon yield. 

Compared with the direct method this method has some disadvantages : 

• The kerma factors depend sometimes on differences between large numbers. 

• Also it requires a high degree of consistency of an evaluation i.e. photon and neutron 
yields should be consistent with average energies. If this is not the case negative neutron 
kerma factors appear. 

• Elemental evaluations do not contain isotopic Q values and cross sections There is only 
a single value for the effective Q allowed in ENDF/B. 

<j = I ^ i (3) 

The effective value Q is energy dependent and can be represented approximately only with 
the single constant Q allowed in the ENDFS format. 

Although negative neutron heating factors don't seem to make much sense, they sometimes 
just compensate the too high photon production included in an evaluation, which would lead 
to an excessive photon heating if most photons would stay in a system. The energy balance 
method guarantees conservation of total energy in large homogeneous systems. 

In some cases (e.g. a thin walled ppe made of a materh.1 with negative neutron heating 
factors), the use of the JEF/EFF-1 based energy balance neutron heating values could cause 
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a serious underestimation of the total heat deposited in the pipe wall, because the predicted 
neutron heat deposition would be much too small and the (too high) photon heat would be 
deposited in the surrounding. 

To provide the user of the VITAMIN-J MATXS library a choice to use an upper limit 
value for total heating in such cases, the major isotopes (with negative neutron heating fac
tors), have been accomplished by the additional neutron heating response function: the upper 
kinematic limit heating value MF3 MT443 called TOTAL KINEMATIC KERMA in NJOY87 
terminology. 

3 Comparison of Neutron Kermas of EFF-1 (VITAMIN-J) 
with MACKLIB-IV 

MACKLIB-IV employs an energy group structure of 171 neutron groups and 36 photon groups 
which are a subset of the coupled 175 neutron/42 photon-group MATXS library in VITAMIN-
J structure. For comparison the VITAMIN-J neutron heating factors at the basic temperature 
were collapsed to 171 groups using the library weighting spectrum and the MATXS interfacing 
code TRAMIX [6]. All EFF-1 isotopes included in the comparison contain photon production 
data except n B and ^Na and Mo-nat. For those two isotope it is assumed that all photon 
energy is deposited locally. 

4 Discussion of the Plots 

A general discussion of the plots shown in appendix A is now given followed by a specific 
discussion of those isotopes, which show larger differences. 

8 of the 32 isotopes included in the comparison of the neutron heating factors are in good 
agreement : 6Li, 10B, n B, C-nat, 14N, 1 60, Ca-nat, Fe-nat. 

9 Isotopes show higher kerma values in MACKLIB-IV, mainly in the region below some 
keV. This is due to the inclusion of the decay energy from the radioactive reaction products 
in those heating factors. The NJOY generated kerma factors of the corresponding EFF-1 
isotopes include the prompt neutron heating pan only: 7Li, 9Be, ,9F, Mg-nat, 27A1, Si-nat, 
Cl-nat, V-nat, Mo-nat. 

2 EFF-1 Isotopes have higher neutron heating factors at specific energy ranges 'H and 
23Na. 

13 Isotopes have negative neutron heating factors at specific energies. Of those isotopes 
7 show as well higher MACKLIB-IV kcrma values at energies below some keV, which is 
again due to the inclusion of the decay energy of reaction products: Ti-nat, Cr-nat, 59Co, 
Ni-nat, Cu-nat, 55Mn, ^Nb, 181Ta, 182W, 183W, 184W, 186W, Pb-nat. 
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DISCUSSION OF MAIN DIFFERENCES 

1. Hydrogen *H : The higher EFF-1 kerma value below some eV is due to a higher 
scattering cross section in this energy region in the EFF-1 evaluation. 

2. Sodium 23Na : The EFF-1 heating factor is higher because all photon energy is deposited 
locally due to the absence of photon production data in EFF-1. 

3. Titanium Ti-nat : The negative neutron heating factor at about 10 MeV is due to a too 
high photon yield (MT3) in this energy range. 

4. Chromium Cr-nat : There are quite wide energy ranges between 20 keV and 1.5 MeV 
where there are negative neutron heating factors in the VTTAMIN-J library. The Q 
values of the EFF file are the same as those included in MACKLIB-IV. The higher 
MACKLIB-IV value below 3 keV is again due to the inclusion of the decay energy 
of radioactive reaction products. The reason for the negative neutron heating value are 
due to an inconsistency in the energy balance of the evaluation. 

5. Manganese 5SMn : In the energy range between 1 MeV and 10 MeV appear negative 
neutron heating factors. These are due to much too high photon yields in the evaluation. 
In the energy range below 20 keV the MACKLIB-IV kermas are again higher due to 
the included decay heat of radioactive reaction products. 

6. Iron Fe-nat : Although there is good agreement between the MACKLIB-IV and EFF-1 
kerma values, there are are higher neutron kerma values in EFF-1 between 1 MeV and 
5 MeV. This seems to be due to an inconsistency between photon production data and 
inelastic neutron scattering cross sections in this region. 

7. Cobalt 59Co : Negative neutron heating factors appear in the energy ranges between 30 
keV and 80 keV as well as between 1 MeV and l.S MeV. The Q values included in 
EFF-1 are the same as in MACKLIB-IV. The negative neutron kermas are due to an 
energy balance inconsistency in the evaluation. 

8. Nickel Ni-nat : In two narrow energy raiges between 1 MeV and 2 MeV there are 
negative kerma factors. They are due to an energy balance inconsistency in the eval
uation in this region. The higher MACKLIB-IV kermas below 1 keV are due to the 
included decay energy of instable reaction products. 

9. Copper Cu-nat : Negative neutron kermas appear between 1 MeV and 2 MeV. They are 
due to a too high photon production in this region. The higher MACKLIB-IV kermas 
below 10 keV are again due to the included decay energy of instable reaction products. 

10. Niobium 93Nb : The negative neutron heating factor between 0.1 MeV and 1 MeV is 
due to a too coarse energy grid for photon production in this isotope. 
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11. Molybdenum Mo-nat : The higher EFF-1 neutron hearing factor above 1 Mev is due 
to the missing photon production data in EFF-1. Below 10 keV MACKLIB-IV kerma 
values are higher due to the included decay energy of instable reaction products. 

12. Tantalum 18lTa : There are higher EFF-1 neutron heating factors above 0.5 MeV. Some 
negative neutron kermas appear between 80 keV and 200 keV. These are due to energy 
balance problems in the evaluation. 

13. Tungsten isotopes 182W, 183W, 184W, 186W : There are higher EFF-1 neutron heating 
values between 100 keV and some MeV but some negative neutron kermas above this 
range. The negative values are due to energy balance problems in the evaluation. The 
higher MACKLIB-IV neutron kermas below 100 keV for 184W and ,86W are due to 
the included decay energies of instable reaction products. 

14. Lead Pb-nat : There are differences at low energies because the capture photon pro
duction data are missing in EFF-1. The negative neutron kerma values between S and 
7 MeV are due to a too high photon production in this energy region. The photon 
production data for this evaluation should be reexamined. 

5 Conclusions and Recommendations 

The MACKLIB-IV neutron heating factors are higher at low energies for those isotopes , 
which have instable reaction products from (n/y). The NJOY generated neutron heating 
factors give the prompt part of the neutron heating only, because in fission reactor physics 
applications the delayed heating due to decaying fission products is usually calculated in a 
subsequent step using a bumup code like CINDER-3 [7]. 

Including the delayed contribution of the heating into the MACKLIB-IV kerma factors 
allows a simple calculation of the prompt and delayed contribution of the nuclear heating in 
one step. It can be expected that the heat deposition computed this way is conservative i.e. 
the real heat deposition is overpredicted. 

It depends largely on the problem under investigation, if such an overestimation of heat 
deposition can be accepted or is even looked for. From a physics point of view the delayed 
contribution should be included only from very short lived reaction product«.. The contribu
tion from products with longer half live should be accounted for in a subsequent activation 
calculation, where not only the time dependent decay but also the bumup of instable isotopes 
can be computed. 

Using a code like TRAMIX [6] or TRANSX-CTR [4] it is quite easy to add the delayed 
part of nuclear heating to the prompt part generated by NJOY. In an extra edit position the ß 
decay Q-value can be multiplied by the capture cross section *NG* and added to the prompt 
neutron heating factor *NHEAT* as shown in the example given in Tab'e I for Aluminum 
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«STEADY STATE HEATIIG "SSHEAT" FOR AL27 II 171 GROUPS* / 
•MATXS* * • *ISOTXS* / 
0 6 0 1 1 1 0 0 175 0 1 / 
171 0 1 5 0 1 1 1 2 3/ 
•AL27* / 
* * / 
1 1 *ALEFF* / 
••HEAT* *SSHEAT* / 
1 *IHEAT* / 
2 «IHEAT* 1.0 *ALEFF*/ PROMPT PART 
2 *IG* 1.2418E+6 *ALEFF* / DELAYED PART FROM BETA DECAY OF AL28 
3 7R1 2 114X1 2 47R1 / MACK IV IEUTROI PART COLLAPSING 
»STOP*/ 

Table I: TRAMDC input to generate steady stats heating SSHEAT 
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Figure 2: Comparison of SSHEAT with MACKLIB-IV for 24A1 
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In a similar way the delayed 7 production can be added to the photon source, because 
there is not only the delayed ß energy contribution(deposited locally), but also one delayed 7 
(1.779 MeV) from the 0-decay of œAl (See sample problem 6 in the TRANSX-CTR report 
[4])-

The problem of negative neutron heating factors in some of the JEF/EFF-1 based kerma 
factors is mainly due to inconsistencies in the evaluations, i.e. there was no attempt to force the 
energy balance between the neutron data and the photon production data in the energy ranges 
concerned. In many cases this can be corrected easily by the evaluator, because only small 
corrections in the photon production data in those isotopes are needed. In the MACKLIB-IV 
library such negative neutron heating factors do not exist, because the MACK-IV code uses 
conservation of momentum, to generate neutron heating factors. These kinematic relations 
generally do not provide sufficient information about the energy carried away by photons 
for all neutron induced reactions, although they give an upper limit for the neutron heat 
deposition. 

Negative (or too high) neutron heating factors can be avoided by carefully checking the 
energy balance of all the particles, interacting in a neutron reaction. This capability is provided 
by the NJOY HEATR module [5]. Lower and upper kinematic limits are established against 
which the energy balance values are compared. How this information can be used to correct 
photon production data is shown in Appendix B. 

For new evaluations the use of nuclear model codes such as GNASH [9], which force the 
energy balance, is recommended. 

ENDF-6 formatted files should include all information needed for the "direct method" of 
calculating kermas. Again the information about the energy distribution of secondary charged 
particles and the recoil nucleus would be available when using a nuclear model code ike 
GNASH. Many of the isotopes, available in ENDF/B-VI will contain such information. 

The main conclusions are therefore: 

• The EFF-1 based VITAMIN-J MATXS library had to be accomplished by the upper 
kinematic limit total kerma values. This has been done for the isotopes, which showed 
negative neutron heating values This allows an upper neutron heat deposition estimate 
for cases, where a realistic local neutron heating is preferred, rather than the conservation 
of total energy. 

• From JEF/EFF-1 the following isotopes should be reexamined with regard to energy 
balance violation using the NJOY HEATR capabilities : Ti-nat, Cr-nat, 59Co, Ni-nat, 
Cu-nat, 55Mn, 93Nb, 181Ta, ,82W, ,83W, iS4W, 186W, Pb-nat. 

• TV, energy balance of all new evaluations, which include photon production data, 
should be checked against the lower and upper kinematic neutron heating limits before 
the release of the evaluated data file. 
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Appendix A 

Plots of EFF-1 Prompt Neutron Kermas and MACKLIB-IV Kermas 
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Figure 16: Neutron Kerma Factor for Ca-nat 
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Figure 20: Neutron Kenna Factor for 59Co 
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Figure 21: Neutron Kerma Factor for Cr-nat 
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Figure 22: Neutron Kerma Factor for 55Mn 
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Figure 23: Neutron Kerma Factor for Ni-nat 

1.E+07 

1.E+06-

E 1.E+05-
o 

"5 
C l.E+04-
i . 
O 

I 

> 1.E+03 

1.E+02-

1.E+01 
1.E-02 

^^^^^^^ 
I.EtOI l.E+04 

Energy eV 

'F-1 NHEAT 
ACKLIB-W 
"F-1 KERMA 

1.E + 07 

Figure 24: Neutron Kerma Factor for Cu-nat 
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Figure 25: Neutron Kerma Factor for 93Nb 
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Figure 26: Neutron Kerma Factor for Mo-nat 
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Figure 27: Neutron Kerma Factor for 182W 
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Figure 28: Neutron Kerma Factor for 183W 
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Figure 29: Neutron Kerma Factor for 184W 
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Figure 30: Neutron Kerma Factor for 186W 
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Figure 31: Neutron Kerma Factor for 181Ta 
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Figure 32: Neutron Kerma Factor for Pb-nat 
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Appendix B 

Correction of the Ni-nat (JEF1) Energy Balance Neutron Kcrma by 
Adjusting the Photon Production Data 

The plots (see following pages) of JEF-1 Nickel (MAT=4280) present quantities, which 
govern the energy balance neutron heating factors. They are based on the NJOY HEATR 
listing output (1PRINT=2). 

They show clearly the origin of negative neutron heating values between 1 and 2 MeV. 
Other isotope's negative neutron heating values are caused by similar deficiencies in the 
photon production data. 

The dashed line of Figure 1 (product of inelastic photon production times the average 
photon energy), depicts die too high energy carried away by photons, which (subtracted from 
the total available energy) lead to negative neutron heating values. 

In the energy range between 2.5 and 4 MeV the energy balance neutron heating values 
are above the upper kinematic limit (dotted line), because the photon production data are too 
low. They have therefore to be increased. 

The photon production data were revised in these ranges by adjusting the photon produc
tion cross section (the average photon energies being almost constant) as shown in Figure 
3. In most cases the energy grid of the photon production data on the ENDF file has to be 
refined together with adjusting the cross section values. If there is no additional information 
about the energy spectra of photons created by inelastic neutron scattering, the corrections 
have to be based on the lower and upper kinematic limit kerma values for the neutrons alone. 
They should nevertheless be examined through a comparison with photon production data 
from other evaluations. 

Similar corrections have to be applied to the other isotopes showing negative or too high 
energy balance neutron heating factors. 
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Figure 1: Kerma Values Pased on Original Data 
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Figure 2: Kerma Values Based on Revised Data 
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Figure 3: Revised Photon Production for Ni-nat 


