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KAOS/LIB-V: A LIBRARY OF NUCLEAR RESPONSE FUNCTIONS
GENERATED BY KAOS-V CODE

FROM ENDF/B-V AND OTHER DATA FILES

by

Y. Farawila, Y. Gohar, and C. Maynard

ABSTRACT

KAOS/LIB-V: A library of processed nuclear responses for neutronics

analyses of nuclear systems has been generated. The library was prepared

using the KAOS-V code and nuclear data from ENDF/B-V. The library includes

kerma (kinetic energy released in materials) factors and other nuclear

response functions for all materials presently of interest in fusion and

fission applications for 43 nonfissionable and 15 fissionable isotopes and

elements. The nuclear response functions include gas production and tritium-

breeding functions, and all important reaction cross sections. KAOS/LIB-V

employs the VITAMIN-E weighting function and energy group structure of 174

neutron groups.

Auxiliary nuclear data bases, e.g., the Japanese evaluated nuclear data

library JENDL-2 were used as a source of isotopic cross sections when these

data are not provided in ENDF/B-V files for a natural element. These are

needed mainly to estimate average quantities such as effective Q-values for

the natural element. This analysis of local energy deposition was instru-

mental in detecting and understanding energy balance deficiencies and other

problems in the ENDF/B-V data. Pertinent information about the library and a

graphical display of the main nuclear response functions for all materials in

the library are given.



I. INTRODUCTION

KAOS/LIB^V: a library of processed nuclear responses is described in

this report. The library includes neutron kerma-factors, gas production,

tritium breeding cross sections, and all important reaction cross sections,

for a large number of materials of interest in fusion and fission systems.

The library was generated with the KAOS-V code employing basic nuclear data

from ENDF/B-V.

The kerma (kinetic energy released in materials) factors are the key

nuclear responses in the library because of the importance of the nuclear

heating. The kerma factor evaluation procedure, description of the KAOS/LIB-V

contents and summary of kerma factor evaluations are given in this report.

Also, a graphical display of the main nuclear response functions for materials

in the library are shown to help in the nuclear design analysis.

I.I General Background

Heating is an important parameter of any nuclear system. The energy

multiplication in a fusion reactor blanket is a very important factor in the

assessment of the economic performance of the power plant. More important are

the severe design constraints due to the undesirable heating effects. This is

particularly true for the plasma facing components where excessive heating is

expected. Other fusion reactor components where heating effects are important

are the superconducting magnets. The accurate calculation of heating in the

magnet due to the leaking neutrons and photons is a key factor in the design

of the cryogenic heat removal systems. Accurate neutron kerma factors &re

necessary for heating calculations and are also in increasing demand for

biomedical applications. Direct experimental measurements of kerma factors

are limited to a few isotopes and over the small range of high incident



neutron energies of particular importance to radiation therapy. The micro-

scopic cross section data bases, especially the ENGF/B files (1| provide the

means for computing kerma factors for many materials and for incident neutron

energies up to 20 MeV. The computed kerma factors from microscopic cross

sections however, suffer from large uncertainties that cruelly manifest

themselves sometimes as negative values 12,3|. It is generally believed -

justifiably so - that the fundamental improvement in the computed kerma

factors rests on improving the nuclear data files. The huge inertia which is

involved in adjusting the massive nuclear data files and the fact that these

are generally satisfactory for their main purpose - transport calculations -

make it difficult to take this route.

Thus, there is a need for improved methods in calculating nuclear heating

parameters from the existing data. This work is a response to this need,

especially for the fusion community.



1.2 Kerma Factor Evaluation Procedure

The code KAOS-V (Kerma And Other Stuff) was written to be used as the

main kerma factor evaluation tool. A brief code description along with a

user's guide are given in reference [4]. The evaluation of the recommended

neutron kerma factors for a material depends largely on the individual

chaiacteiistics of that material and the particularities of its evaluated

nuclear data. The kerma factor evaluation procedure for each of the 64

materials covered in this work is briefly described in section III. There is

however a general procedure that applies to most of these evaluations. This

general procedure is described as follows:

* The ENDF/E-V data for the material under study is reviewed. The nuclear

structure, excitation levels, and decay modes for the target and product

nuclei are reviewed using the Table of Isotopes. The reaction Q-values are

also checked. This review helps primarily in planning the next steps.

* For materials where resonance parameters are given in ENDF/B-V file 2, an

NJOY run [5,6] was made to reconstruct the cross sections and perform Doppler

broadening at 300 degree Kelvin. The NJOY module HEATR is also run [6] to

make comparisons with subsequent KAOS-V runs. The NJOY PENDF file is kept for

these purposes.

* A KAOS-V run is made in the Direct Energy Balance mode. The partial and

total kerma factors and gamma energy production cross section are printed and

plotted. The intermediate files in which these results are stored are saved

for subsequent comparison tests. The total kerma factors produced in this

stage are in good agreement with the NJOY (HEATR) results for most materials.

* A KAOS-V run is made in the kinematics mode. Again, the partial and total

kerma factors are printed, plotted, and saved for the subsequent comparisors.
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* The total kenna factors produced by Direct Energy Balance and Kinematics

are compared. Good agreement is expected for materials for which the ENDF/B-V

files include detailed gamma production for each reaction. On the other hand,

if substantial disagreement was found, further testing and comparison is made

in the partial kerma factor level. The interactive mode of the KAOS-V code is

frequently used in this stage which facilitates detailed analysis of partial

kenna factors and provides the means for performing non-standard tests.

* Partial kerma factors for each reaction produced by the Direct Energy

Balance and Kinematics methods are compared. The gamma energy production is

also compared with the excitation energy of the residual nuclei, a common test

to identify energy balance problems.

* For natural elements, the energy-dependent Q-values are estimated using

additional data sources as described earlier. The Direct Energy Balance and

Kinematics runs are repeated using the variable Q-values. The sensitivity of

the total kerma factors to the introduction of the variable Q-values is

studied. Depending on this sensitivity, more effort was made in estimating

the more important Q-values, and the use of variable Q-values was dropped

altogether for some other reactions.

* After making the necessary data corrections (if any), the information

collected through the above testing and comparisons is used to make the final

decision on the recommenced set of prompt kerma factors. In general, at low

incident neutron energies, kerma factors are dominated by radiative capture

and elastic scattering. The methods for calculating kerma from these two

processes are identical for both Direct Energy Balance and Kinematics

approaches. At higher incident neutron energies, the inelastic scattering is



turned on. If the ENDF/B-V file 12 is used to represent inelastic gammas in a

manner consistent with file 3 cross sections, the agreement between the two

methods will be extended to cover the range of incident neutron energies below

the thresholds of other nonelastic reactions. In this incident energy range,

the total kerma factors using Direct Energy Balance for many materials

experiences a minimum and becomes more sensitive to gamma energy imbalance or

representation problems and is often negative, and the Kinematics method is

therefore used. For incident neutron energies high enough to produce excited

residuals following the emission of charged particles, Direct Energy Balance

is generally preferred. The reasons for this preference are the fact that the

Kinematics method is not equipped to account for residual excitation and

generally overestimates kerma in this range, and also because the magnitude of

kerma factors is higher and the sensitivity to gamma errors is therefore

reduced. To preserve the continuity of the final recommended set of kerma

factors, the connection between the results from the two methods is made at an

incident neutron energy at which the two results are in agreement.

* The decay of the unstable products is then studied. The decay heat is

included to produce additional kerma response functions as detailed in later

sections.



II. DESCRIPTION OF THE KAOS/LIB-V LIBRARY CONTENTS

The nuclear response library KAOS/LIB-V (Kerma And Other Stuff) is

generated by using the code KAOS-V [4] as an evaluation tool. The evaluated

nuclear data files ENDF/B-V are the chief source of data used in these nuclear

response evaluations. Doppler broadening at 300'K was performed for materials

where resonance parameters are provided. The effect of Doppler broadening on

the group values was very small ( < 2.0% in most cases ) . The library

contains 22 response functions for 64 materials. The responses are presented

in Vitamin-E 174 group structure, where the first group refers to the lowest

neutron energy. The nuclear responses are presented in the units of (eV.barn)

for kerma factor responses and gamma energy production, and (barn) for all the

other responses. The library is saved in a readable text file. The materials

are ordered such that those with lower atomic numoer are listed first, and

lighter isotopes are also presented before the heavier isotopes of the same

element. For each material, 22 titled responses are given. FIDO format [7]

was used to fill the zero groups before thresholds, and also to zero the

responses that do not apply or are not provided for a certain material. This

helped reduce the storage size needed for the library. An interactive

program, RETRIEVE, was written to retrieve selected responses and perform

group collapsing from the Vitamin-E [8] 174 group values.



I I .1 List of Materials 1n KAOS/LIB-V

No.

1

2

3

4

5

6

7

.8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Material
Name

Hydrogen

Deuterium

Helium

Lithium-6

Lithium-7

Beryllium

Boron-10

Boron-11

Carbon

Nitrogen

Oxygen

Fluorine

Sodium

Magnesium

Aluminum

Silicon

Phosphorus

Sulfur

Chlorine

Potassium

Calcium

Titanium

Vanadium

Chromium

Manganese

Iron

Cobalt

Nickel

Copper

ENDF/B-V
MAT number

1301

1302

1270

1303

1397

1304

1305

1160

1306

1275

1276

1309

1311

1312

1313

1314

1315

1347

1149

1150

1320

1322

1323

1324

1325

1326

1327

1328

1329

KAOS/LIB-V
Symbol

h-1

h-2

he-4

li-6

11-7

be-9

b-10

b-11

c-12

n-14

0-16

f-19

na-23

mg-nat

al-27

si-nat

p-31

s-nat

cl-nat

k-nat

ca-nat

ti-nat

v-nat

cr-nat

mn-55

fe-nat

co-59

ni-nat

cu-nat



Nc.

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54
55

56

57

58

Material
Name

Zirconium-90

Zirconium-91

Zirconium-92

Zirconium-94

Zirconium-96

Niobium

Molybdenum

Hafnium-174

Hafnium-176

Hafnium-177

Hafnium-178

Hafnium-179

Hafnium-180

Tantalum

Tungsten-182

Tungsten-183

Tungsten-184

Tungsten-186

Lead

Bismuth

Thorium-232

Protactinium-233

Uranium-233

Uranium-234

Uranium-235

Uranium-236

Uranium-238

Neptunium-237

Plutonium-238

ENDF/B-V
MAT number

1385

1386

1387

1388

1389

1189

1321

1374

1376

1377

1378

1383

1384

1285

1475

1476

1477

1478

1382

1375

1390

1391

1393

1394

1395

1396

1398

1337

1338

KAOS/LIB-V
Symbol

zr-90

zr-91

zr-92

zr-94

zr-96

nb-93

mo-nat

hf-174

hf-176

hf-177

hf-178

hf-179

hf-180

ta-181

w-182

w-183

w-184

w-186

pb-nat

bi-209

th-232

pa-233

u-233

u-234

u-235

u-236

u-238

np-237

pu-238



No.

59

60

61

62

63

64

Material
Name

Plutonium-239

Plutonium-240

Piutonium-241

Plutonium-242

Americium-241

Americium-243

ENDF/B-V
MAT number

1399

1380

1381

1342

1361

1363

KAOS/LIB-V
Symbol

pu-239

pu-240

pu-241

pu-242

am-241

am-243
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II.2 Nuclear Responses

There are 22 nuclear response function tables for each material in the

library. These responses are outlined below:

1- Recommended Prompt Kerma Factor: The recommended prompt kerma factor can

be either calculated by direct energy balance, kinematics, or a combination

of these methods in different energy ranges according to the description in

the summary provided in section III. This response is provided for all the

materials included in this library. The response is given in units of

(eV.barn).

2- Recommended Kerma Factor with Charged Particle Decay Heat: In this

response, the decay heat deposited locally via the emitted charged particles

are added to the recommended set of prompt kerma factors. This response is

provided for all materials. In case there is no charged particle decay heat

(within the half-life cutoff of 1 day), this response will be identical to

the recommended prompt kerma.

3- Recommended Kerma Factor Plus Total Decay heat: In this response, the

total decay heat including energy carried by charged particles and gamma rays

are added to the recommended prompt kerma factor response.

4- Direct Energy Balance Prompt Kerma Factor: The prompt kerma factors

produced by the direct energy balance method in units of (eV.barn) are

listed. Notice that in the case gamma files are not provided in ENDF/B-V,

the Direct Energy Balance Prompt kerma factor includes the gamma energy as

deposited locally. It is possible to find negative kerma factors in this

list. These can be used for comparison purposes and in special cases to

account for a global energy balance in large systems. This response is

presented for most but not all materials, where zeros are entered instead.

11



5- Direct Energy Balance Kerma Factor with Charged Particle Decay Heat:

Charged Particle decay heat is added to the direct energy balance prompt

kerma in the same way described for the recommended set. If the prompt

direct energy balance was zeroed out, this response will be also zeroed out.

6- Direct energy Balance Kerma Factor Plus Total Decay Heat: The total

decay heat is added to the direct energy balance kerma in the same way

described for the recommended set.

7- Kinematics Prompt Kerma Factor: The prompt kerma factor produced by the

kinematics method is listed. This response is provided for most, but not all

materials.

8- Kinematics Kerma Factor with Charged Particle Decay Heat: The charged

particle decay heat is added to the prompt kinematic kerma factor in the same

way described for the recommended set. This response will be zeroed out in

the case the prompt kinematic kerma factor is not provided.

9- Kinematics Kerma Plus Total Decay Heat: The total decay heat is added to

the kinematics prompt kerma in the same way described for the third response.

Again^ this response will be zeroed out if the prompt kinematic set is not

provided, and it will be identical to the prompt set if decay heat (within

the 1 day half-life cutoff) is zero.

10- Prompt Gamma Energy Production: The total prompt gamma energy

production is given in the units of (eV.barn). With the exception of

Zirconium isotopes, where gamma files are not provided in the ENDF/B- V, this

response is not calculated from kinematics, but rather by direct processing

of ENDF/B-V files. In a few cases, interpolation and other minor corrections

were made.



11- Hydrogen-1 Production Cross Section: In this response the H-l gas

production cross section is given in barns. The response is computed by

summing up all proton-producing reaction cross sections multiplied by the

respective number of emitted protons. For gas production responses, the

delayed component of gas production due to radioactive decay is also added.

12- Deuterium Production Cross Section: The production of H-2 gas is

presented in the same way as in response 11.

13- Tritium Production Cross Section: The production of H-3 is presented in

this response in the same way as response 11.

14- Heiium-3 Production Cross Section: See response 11.

15- Helium-4 Production Cross Section: See response 11.

16- Total Cross Section: The total cross section is computed from the

ENDF/B-V file 2 resonance parameters (if any) and MT=1 file 3 data.

17- Elastic Scattering Cross Section: Computed from ENDF/B-V resonance file

2 (if any) and MT=2 file 3 data.

18- Total Inelastic Cross Section: This response is equivalent to the data

presented in ENDF/B-V file 3 MT=4. The (n,nx) and (n,xn) reactions, where x

represents a charged particle e.g. proton or alpha particle, are not included

if they are not contained in MT=4 ( and equivaiently MT=51-91 series ) .

19- Radiative Capture Cross Section: Computed from ENDF/B-V file 2

resonance parameters (if any) and file 3 MT=102 data.

20- Total (n,2n) Cross Section: All non-redundant reactions producing two

neutrons are added to form this response. These include sequential

representation (MT=6-9), direct reaction (MT=16), (n,2na) reaction (MT=24),

and (n,2n2a) reaction (MT=30).

13



21- Total (n,3n) Cross Section: Reactions producing 3 neutrons are added to

form this response. These include (n,3n) and (n,3na) reactions (MT=17,

MT=25).

22- Number of Fission Neutrons * Cross Section: In this response, the total

number of fission neutrons (prompt plus delayed) is given. It is computed by

multiplying the total number of neutrons produced per fission obtained from

ENDF/B-V file 1 by the fission cross section. The fission cross section is

computed from file 2 resonance p^ameters and file 3 MT=18 data.

14



III. SUMMARY OF KERMA FACTOR EVALUATIONS

In this chapter, the kerma factor evaluation procedure will be

summarized for the processed 64 materials included in the KAOS/LIB-V library.

The degree of details will vary from one material to another according to the

complexity of the analysis that was needed and the amount of data

substitution from sources other than ENDF/B-V general files. Since this kind

of analysis depends on the critical review of the nuclear data, comments

about the data problems will be embedded in the kerma factor evaluation

description. The kerma factor evaluation summary of the single-isotope

materials will be presented first, followed by that for natural elements, and

finally the kerma factor evaluation for fissionable materials.

The abbreviations KIN and DEB are used throughout this summary to stand

for KINEMATICS and DIRECT ENERGY BALANCE respectively. Reactions producing

charged particles, e.g. (n,p) and (n,a) reactions are referred to as (n,x)

reactions. The kerma factors are grouped in Vitamin-E structure, and are

ordered such that the first group refers to the group with the lowest neutron

energy.

15



III.1 Single-Isotope Materials

1-H-l

This hydrogen isotope has only two reactions, elastic scattering and

radiative capture which simplifies the nuclear response calculation. The

calculated kerma factors using the direct energy balance and kinematics are

equivalent.

l-H-2

There are only elastic scattering, radiative capture, and (n,2n)

reactions for this material. The elastic and capture reactions receive the

same treatment in both kinematics and direct energy balance procedures.

However, the different treatment of (n,2n) reaction resulted in a KIN total

kerma factor greater by a maximum of 34% than the DEB kerma (at 20 MeV

incident neutron energy). The DEB result was recommended and adopted for the

KAOS/LIB-V library. The KIN result is less reliable because of the

indistinguishabi1ity error between the first and second secondary neutron

energies in ENDF/B-V file 5. This error is proportional to I/A which is

particularly large for deuterium where the nuclear mass ratio A=2 is small.

2-He-4

Elastic scattering is the only energy deposition mechanism below 20 MeV.

The DEB and KIN results are therefore equivalent.

3-L1-6

Gamma production is limited to radiative capture photons, and the 3.562

MeV inelastic photon. The inelastic gamma production is represented in



ENDF/B-V file 12, and the KIN kerma factor is therefore equivalent to that

produced by DEB.

The nuclear data for Li-6 was evaluated by I. Bondarenko and Eh. Petrov

[9] for the purpose of calculating kerma factors. They published their kerma

factor result as a log-scale graph, which made the comparison rather

approximate. Their kerma factors were found to be larger than those computed

from ENDF/B-V by roughly 20% above the incident neutron energy of 3 MeV.

3-U-7

Gamma production is limited to radiative capture photons, and the 0.4776

MeV inelastic photon. The inelastic photon is represented in ENDF/B-V file

12 which preserves energy balance. The DEB and KIN kerma results are

therefore equivalent.

The nuclear data of Li-7 was evaluated by I. Bondarenko and Eh. Petrov

[9] for the purpose of calculating kerma factors. Comparison was made

between our results and theirs which were published as a log- scale graph in

the incident neutron energy range 0.001-16. MeV. In the keV region, the

ENDF/B-V kerma factors including decay neat was found to be in good agreement

with that of Bondarenko and Petrov. Above 4 MeV however, their kerma factors

were found to be higher than ours by roughly 20%.

4-Be-9

Special care was taken to compute the (n,2n) reaction kerma factor which

contributes a significant portion of the total energy deposition. The

reaction is represented in ENDF/B-V as a sequence of two events resulting in

the formation of the unstable Be-8. The problem lies in the absence of any

17



information about the possible excitation energy of the product Be-8 before

it splits into two alpha particles. The computed KIN kerma factors ignoring

the excitation of Be-8 should be underestimated and was actually found to be

less than the DEB result at high incident neutron energies. The second

neutron's energy obtained from ENDF/B-V file 5 for low incident neutron

energy was found to be larger than the kinematic prediction assuming

isotropic emission. The reason can be attributed to the anisotropic angular

distribution of the second neutron and its correlation to the first one.

DEB method, on the other hand, requires neither intermediate nucleus

excitation energy nor angular distribution information. Furthermore, the

qualitative analysis of KIN results indicates the superiority and justifies

the use of DEB. Although the ENDF/B-V representation of the (n,2n) reaction

considers Be-8 as the reaction product, the immediate decay of the unstable

Be-8 to two alpha particles was taken to contribute to the prompt kerma,

5-B-10

The DEB results for prompt kerma factors are equal to those for KIN to

0.1% accuracy. This is largely due to the level (n,x) reaction

representation in ENDF/B-V which is ideal for consistent gamma file

representation. However there is still a need to make some comments about

the data representation:

1. For (n.ag) and (n,a\) reactions (MT= 780 and 781 respectively) the

ENDF/B-V Q-values were found to be zeros. These were corrected to 2.79 and

2.312 MeV respectively.

2. The tenth inelastic level (MT = 60) is flagged to decay by alpha emission

(LR = 22). There is however a 6.029 MeV photon in file 13 which indicates a

18



decay of the same level by gamma emissions. The cross section for this

photon's production is too small to worry about the overall accuracy of kerma

factors and gas production response functions, but the need to account for

branching in the data representation is recognized. The resulting error is

significant for other materials, e.g., F-19.

3. The two 0.511 MeV gammas produced due to the decay of the 4^n level

(n,P4) by pair production (LR = 40) were not accounted for in the gamma

files. The resulting error in kerma factors was found to be negligible.

5-B-ll

There are no gamma files in ENDF/B-V for this material and kinematics

method is the only option. It was not necessary to use an accurate value for

jj-factor to account for the capture gamma spectrum on the recoil energy. The

reason is that the capture kerma is dominated by the decay energy of B-12

with the short half life of 0.02 sec, and 7 = 1 was used.

6-C-12

The ENDF/B-V gamma files represent only the photons produced in the

inelastic scattering and capture reactions. This makes KIN and DEB results

equivalent and the ENDF/B-V is self-consistent. The alpha particle-producing

reactions are particularly important at high incident energies. The

(n,ao)Be-9 reaction [18] leaves the Be-9 nucleus in the ground state, and was

adequately evaluated by studying the reciprocal reaction Be-9(a,n)C-12. The

contribution from (n,ao) reaction calculated from ENDF/B-V was found to be in

agreement with the experimental measurement at 14.1 MeV [11]. The 2.43 MeV

excited state of Be-9 decays by disintegration to a neutron and Be-8 which is



unstable in the ground state and splits into two alpha particles. The

secondary neutron average energy was calculated from the excitation level and

mass difference assuming that all events are isotropic in the center-of-mass.

The resulting secondary neutron average energy increases linearly with the

incident neutron energy as:

En' = 0.401 + 0.0375 E MeV, which is always larger than the 0.6 MeV

computed from the incident energy-independent evaporation spectrum given in

ENDF/B-V. The resulting effect on total kerma factor was too small to

account for the discrepancies with experimental results. Because of its

importance in health physics and medical applications, direct measurement of

the carbon kerma factor were carried out above 14 MeV. Results by Barschail,

DeLuca and others [10-13] are systematically lower than the computed kerma by

5-25%. These results reveal an overestimation [22] of the evaluated (n,n'3a)

cross section listed in ENDF/B-V file. The experimental kerma factors were

not used in the KAOS/LIB-V library pending confirmation of the diagnosis of

the problem and the subsequent modification of data files in the coming

version ENDF/B-VI. This is consistent with the methodology adopted here for

calculating kerma factors for heating purposes consistent with transport

calculations. Other data sources, experimental or evaluated, are used only

in the absence of corresponding ENDF/B-V information but are not used to

replace them.

7-N-14

The primary capture photon of 10.835 MeV is not isotropically emitted.

However, the anisotropy begins at a high incident neutron energy of 1 MeV at

which the recoil energy is dominated by the incident neutron impact not the
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recoiling photon. The isotropic photon assumption is therefore used without

compromising accuracy. In addition, the low energy kerma for this material

is dominated by the (n,p) reaction, not capture. Due to the use of ENDF/B-V

reaction numbers MT=700's series to represent the (n,p), (n,t) and (n,a)

reactions, a good match (to 4%) between the KIN and DEB results was obtained.

The KIN result was adopted because of the possible neglect of (n,2n) gammas

which will result in a slightly overestimated DEB kerma.

8-0-16

With the detailed gamma file, it was possible to obtain matching KIN and

DEB kerma factors that differ by no more than 0.3%,

9-F-19

The prompt kerma factors at low incident neutron energy were found to be

much smaller than those computed by the NJOY module HEATR. This discrepancy

is due to the absence of an ENDF/B-V gamma file 12 for radiative capture, and

HEATR was not able to perform the kinematic evaluation of capture kerma

factors using the alternative file 13, MT=102. DEB and KIN methods results

were calculated and compared. The kerma factor values using both methods are

almost identical below an incident neutron energy of 1-5 MeV (groups 1

through 120). Between 5.0 and 6.0 MeV incident energy the oscillating error

did not exceed a maximum of 20%. Above 6 MeV incident energy, the kerma

factors computed by the two methods diverged considerably where DEB results

were as large as three times the KIN values. A comparison between gamma

energy production from file 13 and excitation energy from file 3 was made.

It was found that excitation energy is much larger than gamma production
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energy above 6 MeV incident neutron energy - a result cited earlier by

MacFarlane [23]. The ENDF/B-V data evaluation was reviewed and the error was

found. The inelastic de-excitation flag LR was set to zero for all levels

and continuum which indicates decay by gamma emission. Levels of excitation

energy of 4.683 MeV and above decay also by alpha and proton emission [24].

The adjustment of the LR flag to indicate parti'cle rather than gamma emission

for MT=64 through 91 [25] should solve the problem. The binding energy of

the alpha is 4.01 MeV which is much lower than the 7.99 MeV proton binding

energy. Also, up to the highest energy level in the Table of Isotopes [24]

of 10.411 MeV, no proton emission was indicated. From the above argument,

the decay of levels 4.683 MeV and above is dominantly by alpha emission. The

flag LR is therefore adjusted to LR=22 for MT=64- 91. After making the LR

and the accompanying Q-value changes, the gap between KIN and DEB kerma

factor values were greatly narrowed. The new KIN results were found to be

larger than the DEB kerma factors by a maximum of 27%. This difference is

not large. It also carries the correct sign since KIN kerma factors are

expected to be larger than DEB kerma factors at high incident neutron energy

when detailed gamma production is not provided and KIN procedures ignore the

possible emission of gammas following charged particle reactions. The new

DEB kerma factors are therefore recommended fo-" the KAOS/LIB-V library. The

change of LR flag does not change the transport cross sections and is still

consistent with the model's commitment in that regard. However, users of the

KAOS/LIB-V library should be aware, that the helium gas production response

function is affected.
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ll-Na-23

Below the incident neutron energy of 2 MeV, the kerma factors produced

by KIN and DEB methods are identical. The difference between the two methods

oscillates between 2 MtV and 6.5 MeV incident energies with an amplitude of

nearly 30%. This error can be attributed to the representation of gamma

production as a function of incident neutron energy using too few points,

although the spectral data are adequately represented. Above the incident

neutron energy of 6.5 MeV, the ratio between DEB to KIN kerma factors

increases gradually until it approaches 2 near 20 MeV incident neutron

energy. The problem is less severe but qualitatively similar to the F-19

case described earlier. The Q-value for (n.n'p) and (n.n'a) reactions are

-8.79 MeV and -10.47 MeV respectively. Allowing 1~2 MeV for the Coulomb

barrier, these reactions are energetically possible above an incident neutron

energy of about 10 MeV- Unlike F-19, the above reactions are not considered

in ENDF/B-V data for Na-23. Until the possibility for these reactions is

quantitatively determined in the entire incident neutron energy range, the

KIN results were chosen as the recommended kerma factors. The DEB kerma

factors are also kept in the KAOS/LIB-V library. If the (n.n'x) reactions

were considered, the resulting kerma should be between the present KIN and

DEB values but closer to the KIN estimation. This was verified at the

incident neutron energy of 14.6 MeV using the measurement of (n.n'p) cross

section a = 270*30 mb by Yu Kozy et al. [26]. The overestimated DEB kerma

factor was therefore reduced by a |Q|, i.e., reduced from 5.86x10^ eV.barn

to 3.49xlO6 eV.barn. The excitation energy of Na-23 prior to the proton

emission was estimated to be 11 MeV. The KIN kerma factor should be

increased by <r.(E*-|Q|), i.e., increased from 2.98xlO6 eV.barn to 3.53xlO6
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eV.barn. The two new results are different by only 1% which is a

surprisingly good agreement.

13-A1-27

Detailed gamma production for each reaction is provided in ENDF/B-V.

The DEB and KIN methods are therefore equivalent for all the reactions except

for the (n,2n) reaction. The (n,2n) reaction is far from dominating the

energy deposition. The KIN and DEB evaluations of kerma factors are found to

be close. The DEB result is accepted for KAOS/LIB-V library.

15-P-31

The relative difference between DEB and KIN kerma factors is as small as

1% for incident neutron energies below 1.5 MeV. Between 1.5 MeV and 2.3 MeV

incident neutron energy, the DEB kerma factors are less than the KIN kerma

factors by a maximum of 18%.

Above the incident neutron energy of 2.3 MeV, the relative difference

between the two methods increases to a maximum of 57% indicating

underestimated gamma production or an overlooked inelastically excited level

decay by particle emission. The inelastic scattering is represented only by

a continuum reaction due to the scarcity of experimental data [27]. The KIN

results were adopted for prompt kerma factors.

25-Mn-55

The KIN evaluation of kerma factors is adopted for the KAOS/LIB-V

library. The KIN evaluation was judged to be superior to the DEB evaluation

because of the problems with the gamma files. The capture gamma energy
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production was 36-53% too high compared to the available energy. Although

gamma heating will be significantly overestimated for low incident neutron

energies, the neutron heating is not affected as much. This is particularly

valid for this material because capture kerma is dominated by the decay heat

of the residual Mn-56. For groups 75 through 105 (E = 0.13 - 0.67 MeV), the

DEB values are much larger than the KIN ones. This underestimation of gamma

production between the incident neutron energy of 0.13 and 0.2 MeV is purely

due to the neglect of the 1.258xlO5 eV first level inelastic photon. Between

the incident energy of 0.2 MeV and 0.67 MeV, the gamma file which represents

capture photons does not contain the inelastic photon because the spectrum is

truncated at 0.3 MeV gamma energy. Gamma production is overestimated between

the incident neutron energies of 0.57 MeV and 10.0 MeV resulting not only in

DEB kerma factors much lower than the corresponding KIN results, but also

negative DEB kertna in 40 out of 55 groups in this incident neutron energy

range. Above the incident neutron energy of 10 MeV, the DEB kerma factors

are found to be larger than the KIN equivalent indicating gamma production

underestimation. The evaluated gamma production deviates considerably from

the experimental data used for the evaluation [28] and was not helpful in

evaluating kerma factors.

27-CO-59

The kerma factors produced by DEB for groups 116 through 120 and 167

through 173 (incident neutron energy between 1.2 -1.5 MeV, and 14 - 17 MeV)

were found to be negative. The observed negative group kerma factors are due

to overestimated gamma production. DEB grouped kerma factors much larger

than the KIN counterparts were also observed. The overall gamma files are
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not as terrible as it may sound, for the absolute gamma production error is

only ~20%. Due to the kerma sensitivity to gamma production errors and the

inevitable inconsistency when gamma production is evaluated independently

from the neutron files, the KIN method was used in the entire incident

neutron energy range.

40-Zr-90,91,92,94, and 96

There are no gamma files for any of the zirconium isotopes in ENDF/B-V

evaluations. The KIN method had to be used to compute the neutron kerma

factors recommended for the KAOS/LIB-V library. Thermal capture gamma

spectra and multiplicity for natural zirconium are obtained from the ENDL-2

files. The 17-factor of 2.327 was computed from the above data and used in

computing capture kerma factors for each zirconium isotope. The resulting

capture kerma is better than that obtained using the single-photon

approximation even though the individual isotopic ^-factors were not

available.

Depending on the particular heating application, the DEB kerma factors

with gamma energy assumed to be deposited locally could be also used. It was

necessary to correct capture Q-values for each isotope, since a single Q-

value of 7.98 MeV was given for all the isotopes in ENDF/B-V. The new Q-

values for Zr-90, Zr-91, Zr-92, Zr-94 and Zr-96 are 7.1973, 8.635, 6.732,

6.4709 and 5.5809 MeV respectively.

41-Nb-93

Between the inelastic scattering threshold of 0.0293 MeV and 0.1 MeV,

the 0.029 MeV photon is not represented in the gamma files. The resulting
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error in DEB kerma was confined to 0.4% because energy deposition by elastic

scattering is dominant in this energy range. Above the incident neutron

energy of 0.1 MeV and up to 1 MeV however, all the 43 group DEB kerma factors

are negative. Gamma production in that incident neutron energy range is

obtained by interpolating spectral and production cross section data given at

0.1 and 1 MeV. This poorly-represented gamma production would be further

overestimated if the provided interpolation schemes were used directly due to

the parabolic interpolation problem. Between the incident neutron energy of

1.0 - 4.0 MeV, the error oscillates due to having too few gamma points. The

4 gaiima points in file 13 at 1. MeV intervals are not enough to produce the

details required for 28 groups. The KIN method was therefore recommended for

incident neutron energies up to 4.0 MeV. Above 4 MeV however, 12 gamma

points at intervals of 1 or 2 MeV were provided in files 13 and 15 and

provide better details for the remaining 33 groups. The DEB method kerma

factors were found to be less than the KIN counterparts by an average of 30%

above 4 MeV incident neutron energy. This could be explained as due to the

subtraction of the (n,x) gamma not accounted for in the KIN method. The

recommended kerma factors are computed by the KIN method for the first 141

groups, and by the DEB method for groups 142 through 174.

72-Hf-174,176,177,178,179, and 180

There are no gamma files for any of the Hafnium isotopes in ENDF/B-V

evaluations. The KIN method had to be used to compute the neutron kerma

factors recommended for the KAOS/LIB-V library. Thermal capture gamma

spectra and multiplicity for natural Hafnium are obtained from the ENDL-2

files. The ^-factor of 2.446 was computed from the above data and used in

27



computing capture kerma factors for each Hafnium isotope. The resulting

capture kerma factor is better than that obtained using the single-photon

approximation even though the individual isotopic 17-^actors were not

available.

Depending on the particular heating application, the DEB kerma factors

with gamma energy assumed to be deposited locally could be also used. It was

necessary to correct capture Q-values for each isotope, since a single Q-

value of 7.18 MeV was given for all the isotopes in ENDF/B-V. The new Q-

values for Hf-174, Hf-176, Hf-177, Hf-178, Hf-179, and Hf-180 are 6.789,

6.383, 7.627, 6.099, 7.388, and 5.695 MeV respectively.

73-Ta-181

The KIN method is accepted in the entire incident neutron energy range.

The DEB results suffer from the gamma inaccuracy that resulted - when

overestimated - in 34 negative kerma groups. Other positive DEB kerma factor

group values are generally overestimated by an order of magnitude.

74-W-182, 183, 184, and 186

The ENDF/B-V data file (MAT=1474) for natural tungsten is produced by

combining isotopic data files using the NJOY module MIXER. The DEB method

was used to calculate kerma factors for natural tungsten (MAT=1474). The

data files (MAT=1475, 1476, 1477 and 1478) were used to calculate the

individual isotopic kerma factors. The kerma factors for natural tungsten

are then obtained from the isotopic kerma by abundance-weighted averaging.

Kerma factors obtained for MAT=1474 were found to be negative for groups 110

througvi 112 end 120 through 123. Isotopic kerma factors for these groups are



all positive (with the exception of W-184 group 122) and the weighted natural

tungsten kerma factors are all positive. This discrepancy is rather odd

because natural element kerma factors calculated with a single Q- value per

reaction tends to be over-estimated. The error - if at all explainable - can

be due to the reduced availability of level inelastic series where 40 levels

(MT=51-9Q) were provided for the natural file, compared to a total of 60

levels for the 4 isotopes. The individual isotope approach was therefore

chosen. Detailed gamma production is provided for each isotope for

inelastic, capture, (n,2n), and (n,3n) reactions. The DEB kerma factor

groups 149-151 for W-183 and group 122 for W-184 are negative. No (n,p) or

(n,o) gammas were considered which leaves the DEB method without merit

relative to the KIN method. The KIN method was therefore used to calculate

kerma factors for all the 4 isotopes in the entire incident neutron energy

range.

83-Bi-209

Many negative DEB kerma factor groups were found. The problems with

gamma files - spotted by MacFarlane [23] are generally confirmed here. With

almost 50% chance of producing the isomeric state of Bi- 210 in the radiative

capture reaction, MacFarlane suggestion of increasing capture gamma

multiplicity by 10% needs to be slightly reduced to only 6.5%. The KIN

method was used to produce the recommended kerma factors in the entire

incident neutron energy range.
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III.2 Kerma Factor Evaluation Summary For Natural Elements

12-Mg-nat

The energy-dependent Q-values are evaluated as follows:

(n,2n) Q-value

Below an incident neutron energy of 12 MeV, the only participating

isotope is Mg-25, therefore

Q(E) = -7.33 MeV, Threshold < E < 12.0 MeV.

Between 12 and 17 MeV, abundance weighting of Q-values of Mg-25 and Mg-

26 results in:

Q(E) = -9.2 MeV, for 12.0 < E < 17.0 MeV.

Above an incident neutron energy of 17 MeV, the cross section #24 f° r

the more abundant isotope Mg-24 is taken from Reference [29] and used to get:

Q(E) = ( ?24 a24 Q24 + ( ̂ nat - ff24 a24 ) Q*

where a24 -- 0.786 is the abundance of Mg-24, and Q24 is its (n,2n) Q-

value. Q* = -9.2 MeV is the Q-value of the Mg-25 and Mg-26 isotopes

weighted by their respective abundances. crnat -js the (n,2n) reaction

cross section for natural Magnesium provided in ENDF/B-V.

(n,p) Q-value

Threshold energies for the (n,p) reactions for Mg-24 and Mg-26

are estimated from:

Eth = |Q| ( A + 1 ) / A + 0.1 z Z MeV
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These threshold energies are used to divide the incident neutron energy

range where one, two, or three isotopes undergo the (n,p) reaction. In each

region, the Q-value is obtained by abundance weighting. The resulting re-

value is tabulated as follows:

E (MeV) Q (MeV)

4.95
6.7
7.0
9.8
10.0
20.0

-3.049
-3.3
-4.54
-4.54
-4.9
-4.9

(n,a) Q-value

The energy dependence of the (n,o) Q-value is obtained by the same

technique used for (n,p) reaction. The resulting Q-value is tabulated as

follows:

E (MeV) Q (MeV)

2.11
5.0
6.0
8.0
9.0

20.0

0.4818
0.4818

-2.16
-2.16
-2.5
-2.5

(n,np) and (n,na) Q-values

The most abundant isotope Mg-24 has the largest Q-value and therefore

dominates these reactions. Other isotopes' Q-values are not much smaller

than the Mg-24 Q-value. The ENDF/B-V Q-value is used directly where the

slight overestimation of the resulting kerma is expected to be minimal.
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Decay Heat

Abundance-weighted cross sections are used to calculate the decay kerma

factor. The proper adjustments for threshold energies are also made. The

(n,2n) cross section for Mg-24 used previously to compute the Q-value is

again used for decay calculations.

Recommended Prompt Kerma Factors

The DEB and KIN calculations were made with and without the energy

dependent Q-values. Two negative DEB kerma factor groups (121 and 126) were

found for both constant and variable Q-values. The use of energy- dependent

Q-values resulted in lowering kerma by a maximum of 25%. The KIN evaluation

with variable Q-values is recommended for the entire incident neutron energy

range.

14-Si-nat

Reaction Q-values provided in ENDF/B-V are equal to those for the most

abundant isotope, Si-28 (92%), except for the (n,2n) reaction where the Q-

value for Si-29 with 4.7% abundance was used. Because of the high threshold

energy for Si-28 (n,2n) reaction of nearly 18 MeV, the effect of the less

abundant isotopes on the Q-value needs to be considered for the DEB

calculations. Between the threshold group 157 and group 165, the (n,2n) DEB

kerma factors using the ENDF/B-V Q-value were found to be negative, while the

last 4 groups were found to be much larger than the KIN counterparts. The

use of a variable Q-value should bring these overestimated groups closer to

the KIN value, but the problem with the negative groups remains unchanged.

The KIN keriM factors are formally independent of the Q-value and much less
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sensitive to errors in the secondary neutron energy, and is therefore

preferred. Energy distributions of secondary proton and alpha particles from

(n.n'p) and (n.n'a) reactions are provided in the ENDF/B-V file 5, MT=719 and

799 respectively. One should expect these data to appear in file 25. This

is the only material however, that a KIN treatment was possible for charged

particle-producing reactions. A good agreement between DEB and KIN results

was observed, especially at lower energies. The KIN kerma is larger than DEB

by a maximum of 28% for the (n,n'a) reaction and by 15% for the (n.n'p)

reaction. Errors in inelastic gamma production result in negative DEB

inelastic kerma for groups 140 and 170 through 174. Between groups 142 and

165, the underestimated gamma production results in overestimated DEB

inelastic kerma by a maximum of over 100%. The (n,p) reaction was treated by

both DEB and KIN methods. The KIN treatment was possible for this material

because the level and continuum cross sections are given and the continuum

proton energy is given in file 5 MT = 718. The maximum difference between

the two results did not exceed 14%.

The (n,a) reaction was examined in a similar manner to the (n,p)

reaction. It was found that the KIN kerma factors exceed the DEB kerma

factors by ~80% for the first 4 groups (group 136 threshold to 140), but the

absolute value of this partial kerma factor is small in that range of higher

incident neutron energies. However, the maximum difference does not exceed

23%. The prompt kerma factors produced by the KIN method are recommended.

Decay energy production was computed only for the most abundant isotope

Si-28. The decay of Si-27 formed by the (n,2n) reaction is ignored due to

the high reaction threshold of ~18 MeV. Only the p- decay of Al-28 produced

by the (nrp) reaction is considered.
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16-S-nat

In addition to the natural element evaluation provided in the general

ENDF/B-V files under material number MAT=1347, a separate ENDF/B-V evaluation

is provided in the dosimetry files for S-32, the most abundant sulfur isotope

(95%). These data were used to separate the-less abundant isotopes' cross

sections for the purpose of estimating the variation of the elemental re-

values with incident neutron energy.

(n,2n) Q-values

Between the threshold and 11.5 MeV incident neutron energy, the (n,2n)

reaction is energetically possible only with the isotope S-33 and its Q-value

of -8.642 is used. In the incident neutron energy range of 11.5 - 15.1 MeV,

the abundance-weighted Q-value of S-33 and S-34, Q*=-11.0 MeV is taken.

Above 15.1 MeV, the cross section of S- 32 and the combined cross section of

S-33 and S-34 and their abundances are used to obtain the energy-dependent Q-

value as:

Q(E) = ( <?32 a32 Q32 + ( ffnat - ff32 a32 ) Q *

where a32=o.95O2 is the abundance of S-32, ff32 and ffnat are the (n,2n)

microscopic cross sections for S-32 and natural sulfur respectively,

Q32=-15.0424 MeV is the Q-value for S-32, and Q*=-H.O MeV is the Q- value of

the S-33 and S-34 isotopes obtained by abundance weighting.

(n.n'o) Q-value

The reaction is not included in the ENDF/B-V (MAT = 1316) evaluation for

S-32. The Q-value of the most abundant S-32 is the largest in addition to

34



being close in magnitude to the other isotopes' Q-values. No energy-

dependent Q-value was used for this reaction.

(n,np) Q-value

The combined abundance-weighted cross section of S-33 and S-34 was found

to oscillate between small positive and negative values when computed from

the ENDF/B-V data for natural sulfur and S-32, MAT=1347 and MAT=1316

respectively. The minor isotopes' participation is therefore minimal and the

single Q-value for S-32 was kept for kerma factor evaluation.

(n,p) Q-value

Below the S-32 threshold of 1.6 MeV, the S-33 Q-value of 0.53 MeV was

used. The Q-value then linearly decreases with incident energy up to 2.0 MeV

above which the -0.928 MeV Q-value for S-32 was used.

(n,d) Q-value

The reaction is not considered for S-32 evaluation. The Q- value

provided for the elemental evaluation is equal to that of the abundant S-32

and therefore accepted.

(n,t) Q-value

The S-33 Q-value was used for incident neutron energies below the 13.09

MeV threshold of S-32. The S-32 Q-value is taken above 14 MeV with a linear

transition allowed between the threshold and 14 MeV.
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(n,a) Q-value

Below 1.4 MeV incident energy, the reaction is energetically possible

only in S-32 and S-33 isotopes. With the exception of the low energy end

where the S-nat evaluation gives a zero cross section while the S-32

evaluation provides a positive value, the two evaluations provided for a

formally complete determination of the elemental Q-value by abundance and

cross section weighting. Above 1.5 MeV, the Q-value for the most abundant

isotope S-32 was used because the two ENDF/B-V evaluations resulted in a

combined S-33 and S-34 cross section with many negative points.

(n,2p) Q-value

The reaction is not represented in the S-32 evaluation. The S-32

threshold of 9.9 MeV marked the transition between the S-33 Q-value of -9.00

MeV below the threshold and the S-32 Q-value of -9.57 MeV above the

threshold.

Decay Heat

The S-32 evaluation was used to compute decay heat due to S-32 (n,2n) S-

31 and S-32 (n,t) P-30 reactions. The S-nat (MAT 1347) evaluation was used

with abundance and threshold corrections to compute the decay heat from S-34

(n,p) P-34, S-34 (n,a) Si-31, and S- 32 (n,2p) Si-31 reactions.

Prompt Kerma Factors

A correction to ENDF/B-V ( MAT = 1347, MF = 12, MT = 102) was made by

adding a point (8.99xlO5 eV, 2.82297) to the capture gamma multiplicity

table. This corrected the obviously unintended linear decline of the
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multiplicity to zero at the 0.9 MeV cutoff. This correction resulted in

improving the gamma production but less significant improvement to the

capture kerma. The introduction of energy-dependent Q-values resulted in the

reduction of the DEB prompt kerma factors by a maximum of 40%. Gamma

production is found to be underestimated between 0.9 and 10 MeV incident

energy. The KIN prompt kerma factors are accepted for incident neutron

energies up to 10 MeV. Above 10 MeV, the DEB method was used to account for

possible (n,x) gammas.

17-Cl-nat

Variable Q-values were not needed for this material. The maximum error

in the total prompt kerma due to using a single Q-value for the (n,2n)

reaction does not exceed 1%. Cross sections for the Cl-35 (n,p) and Cl-35

(n,a) reactions [29] are about an order of magnitude larger than those for

Cl-37. This justified keeping ENDF/B-V Q-values which are equal to those of

the most abundant isotope Cl-35 for these two reactions. For the (n.n'p) and

(n.n'a) reactions, the Q-values of the two isotopes are different by 24% and

11% respectively, but the combined error in total kerma due to using the

single Cl-35 Q-value provided in ENDF/B-V is less than 1%. The KIN prompt

kerma factors were found to agree with the DEB kerma factors with a maximum

error of 15% below the incident neutron energy of 6.4 MeV. Above 6.4 MeV,

the DEB kerma factors become increasingly larger than the KIN counterparts up

to a factor of 3 near the incident neutron energy of 20 MeV. Only inelastic

and capture photons are represented in the gamma files. The underestimation

of gamma production for incident neutron energies above 6 MeV could be due to

neglecting other nonelastic gammas. The KIN method is used to produce the
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recommended kerma factors. The abundance-weighted isotopic cross sections

for decay heat calculations are obtained by adjusting the ENDF/B-V cross

sections for the isotopic thresholds.

19-K-nat

The utilization of variable Q-values was not necessary because of the

high abundance of K-39 (93.3%). An attempt to separate the K-39 (n,p) cross

section was made by subtracting the abundance weighted cross section for the

K-41 (n,p) reaction found in the partial evaluation ENDF/B-V MAT=7191. The

resulting K-39 cross section contained many negative points and was

discarded. Level inelastic gamma production between the 2.59 MeV threshold

of K-39 and 6.8 MeV matches the inelastic excitations computed from neutron

files. Between the incident neutron energy of 1.01 and 6.8 MeV, the

continuum inelastic scattering cross section represents the reaction in the

less abundant isotope K-41. No inelastic gamma production was represented in

that range. Above 6.8 MeV incident energy, the inelastic gamma was

underestimated. It seems like the inelastic contribution of K-41 was

entirely ignored resulting in overestimating the DEB kerma factors by an

average of 10% and a maximum of 39%. The KIN method was therefore used to

produce recommended prompt kerma factors. For decay heat calculations,

abundance ratios were used to obtain isotopic cross sections from elemental

(n,2n), (n,7) and (n,a) cress sections. The (n,a) cross section was trimmed

at the threshold of K-41. The partial evaluation MAT = 7191 was used to

compute decay heat resulting from the K-41 (n,p) Ar-41 reaction.

20-Ca-nat

The most abundant isotope Ca-40 with abundance 96.9% dominates the

ENDF/B-V elemental evaluation. Its Q-values are used for all reactions
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except for the (n,2n) reaction where the higher Q-value of Ca-48 was used to

include a small contribution from this isotope. This overestimated Q-value

did not affect the accuracy of the total kerma. With the detailed gamma

production provided in ENDF/B-V file 12, the relative difference between the

DEB and KIN results did not exceed 1% for most groups, and the DEB kerma

factors are accepted to fill the recommended kerma factor field in the

KAOS/LIB-V library. The small decay heat contribution from Ca-40 (n,2n) Ca-

39 and Ca-40 (n,t) K-38 reactions was computed. The threshold energy for the

(n,2n) reaction was restored to 16.0 MeV for the purpose of the decay heat

calculations.

22-Ti-nat

In addition to the natural element evaluation in ENDF/B-V, MAT=1322,

there are partial evaluations for Ti-46, Ti-47, Ti-48, and Ti-50 represented

by material numbers MAT = 7226, 7227, 7228, and 7220 respectively. With no

dominating isotope with large abundance, the estimation of the variation of

the elemental Q-values becomes necessary. These are evaluated as follows:

(n,2n) Q-value

Prompt DEB kerma factors were found to be sensitive to changes in the

(n,2n) Q-values at high incident neutron energy. An initial estimation of

the energy dependence of the Q-value was made. This estimation depended on

approximating the weighting isotopic cross sections with magnitudes

proportional to their abundances as a ramp function that starts at their

respective threshold energies. A better estimation of the energy-dependent

Q-value was made by taking the elemental cross section function weighted by
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abundance and translating it to begin at each isotope's threshold. This

latter estimation of the Q-value variation with energy was found to be in

good agreement with that obtained by using the evaluated isotopic cross

sections from reference [30]. The (n,2n) reaction Q-value used in this

evaluation is tabulated below:

E (MeV) Q (MeV)

threshold
11.0
12.0
13.0
16.0
20.0

-8.14
-8.4
-8.6
-9.6
-10.5
-11.0

(n,p) Q-value

The ENDF/B-V zero Q-value was replaced. The isotopic cross sections are

available only for Ti-46, Ti-47, and Ti-48 from ENDF/B-V partial evaluations.

Since the Ti-49 Q-value is close to that of Ti- 46, both abundances were

combined and the modified abundances along with the three available cross

sections are used to compute the reaction Q-value before the threshold of Ti-

50. The effect of Ti-50 on the Q-value was assumed to be small and the

previous evaluation was extended to the incident neutron energy of 20 MeV.

(n,a) Q-value

The ENDF/B-V zero Q-value was replaced. The new energy-dependent Q-

value was constructed using threshold energies and abundance weighting. The

resulting Q-value is tabulated below:
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E (MeV) Q (MeV)

l.OE-11
3.0
4.0
5.0
6.0
7.0
7.5

10.0
20.0

1.357
1.357
0.79
0.7
0.0

-1.0
-1.2
-1.3
-1.35

Other reaction Q-values were not changed. The reason is that the

reaction cross section is small or the variation of isotopic Q-values is

sufficiently smal1.

Isotopic cross sections for producing radioactive decay heat were

obtained as follows: the Ti-46 (n,2n) cross section is obtained from

reference [31]. Threshold-adjusted, abundance-weighted elemental cross

sections were used to compute decay heat from the other reactions as needed.

The DEB and KIN methods were used to compute prompt kerma factors with and

without the variable Q-values. There is an oscillating DEB/KIN error for

groups 114 through 148. There are also five DEB negative groups (129 through

133). The KIN result was accepted for groups 1 through 148 i.e., up to the

incident neutron energy of 6.0 MeV. Above 6.0 MeV, DEB results were taken to

account for the (n,x) gamma production.

23-V-NAT

The only stable isotope is V-51. Although the abundance of the long

lived isotope V-50 is only 0.25%, its Q-values for (n,p) and (n,a) reactions

are larger than those for the principal isotope V-51 [32] and are listed in

the ENDF/B-V evaluation. The adjusted Q-values are taken such that the V-50
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Q-values are considered only below the V- 51 threshold. The elemental Q-

value for (n,p) reaction used in this evaluation is tabulated below:

E (MeV) Q (MeV)

l.OE-11
1.717
1.8

20.0

2.995
2.995

-1.6837
-1.6837

The (n,o) Q-value is similarly tabulated as follows:

E (MeV) Q (MeV)

l.OE-11
2.096
2.1

20.0

0.7577
0.7577

-2.0546
-2.0546

The comparison between the DEB and KIN prompt kerma factor results shows

good agreement for groups 1 through 137, i. e., up to the incident neutron

energy of 3.0 MeV. The removal of a parabolic interpolation overestimation

error in gamma production reduced the number of negative DEB kerma factor

groups from 5 to 4 (groups 139- 142). The difference between both

calculations fluctuates to a maximum of ±50% for groups 144 through 162. The

KIN results were therefore accepted up to the incident neutron energy of 12.0

MeV (groups 1 through 163). Above 12.0 Me'v, the DEB kerma factors are less

than the KIN counterparts by an average of 30% reflecting the consideration

of (n,x) gamma production, and is therefore accepted in that range. For

decay heat calculation, the (n,p) reaction cross section was set to zero

before the threshold energy of V-51.

24-Cr-nat

The gamma production cross section in ENDF/B-V file 13, MT=3 is zero at

the incident neutron energy of 20 MeV. The situation was corrected by
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inserting the value of 2.4267 barn taken from reference [33]. Isotopic

evaluations for the four chromium isotopes were found in the JENDL-2 library.

These data are used to evaluate cross section and abundance-weighted Q-values

for the (n,p) and (n,a) reactions. Threshold adjustments were needed to fit

the principal ENDF/B-V data source. Other reaction cross sections found in

ENDF/B-V elemental evaluations were not accounted for in some or all JENDL

isotopic evaluations. The overestimation Df the DEB kerma factors due to use

of the single ENDF/B-V Q-values for these reactions is expected to be small.

The use of energy-dependent Q-values affect the KIN kerma factors above group

145. The largest reduction amounts to 24% in group 153. Large gamma

production errors result in large errors in the DEB kerma factors with 33

negative groups. The KIN method was therefore used to produce the

recommended prompt kerma factors in the entire incident neutron energy range.

Abundance weighting is used for decay heat computations. This was done

because not all the radioactivity-producing reactions are accounted for in

the JENDL-2 evaluations, and also because of the large discrepancies between

ENDF/B-V and the combined elemental cross sections from JENDL-2.

26-Fe-nat

In addition to the elemental ENDF/B-V.2 evaluation, other data sources

were considered for the kerma factor evaluation. Among those are the

isotopic ENDF/B-V dosimetry files and INDL-V partial evaluations, JENDL-2

isotopic evaluations, and the Los Alamos evaluation [34] of Fe-54 and Fe-56.

Variable Q-values

The isotopic evaluations of JENDL-2 were used to construct the capture

Q-value as a function of incident neutron energy. On the other hand, an
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abundence-weighted single Q-value was listed in the ENDF/B-V.2 evaluation.

The maximum relative difference between the energy-dependent Q-value and the

single ENDF/B-V.2 value was 2.65% in the 0.8 - 2.0 MeV incident neutron

energy range. This small difference does not account for the energy

imbalance problems in that range contrary to the explanation provided by

Larson (reference [35] page 25). The ENDF/B-V.2 capture Q-value was used.

The (n,p) Q-value listed in ENDF/B-V.2 is equal to that of the Fe-54 isotope

with only a 5.8% abundance. The elemental (n,p) cross section was

constructed from JENDL-2, INDL-V, partial ENDF/B-V MAT = 6430 and MAT = 6431

evaluations, and the Los Alamos Fe-54 and Fe-56 evaluations. All the

constructed elemental cross section are found to be in good agreement with

the ENDF/B-V.2 value. Because JENDL-2 is the most complete of all data

sources where all isotopic data were found, these data were used to evaluate

the variable (n,p) Q-value. The maximum reduction in the total prompt kerma

factor due to using a variable (n,p) Q-value amounts to 19% at the incident

neutron energy of 10 MeV. The (n,a) Q- value in ENDF/B-V.2 is also equal to

that of Fe-54. Construction of the elemental (n,a) cross section from the

available isotopic data sources was done. The INDL-V data were not

sufficient, whil'i the JENDL-2 reconstructed elemental (n,o) cross section was

much larger than that of ENDF/B-V.2. The constructed elemental (n,a) cross

section from Los Alamos data is also larger than that of ENDF/B-V.2 but with

better agreement. The variable (n,d) Q-value evaluated from the Los Alamos

evaluation data was found to affect the total prompt kerma by no more than YL

and was subsequently dropped. Other reaction Q-values were also studied and

the listed ENDF/B-V.2 values were found adequate. Only the (n,p) reaction

variable Q-values needed to be considered. Gamma production files in the

revision 2 of ENDF/B-V.2 data were modified in response to MacFarlane's work
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on energy imbalance [23,35]. The new gamma production was modified above 2

MeV to "reproduce" the estimated heating, which makes these gamma files

particularly suspicious for the purpose of evaluating kerma factors. A

thorough review of gamma production was therefore necessary. Apart from

flaws irrelevant to energy balance, e.g., the branching ratios for MT = 57

which are taken opposite to those of the Table of Isotopes, other energy

balance problems were found. Inelastic gamma represented in file 12 are not

only resulting from the excitation of the respective levels by inelastic

scattering of the corresponding file 3 data, but also the excitation of these

levels due to gamma decay of higher levels. Although this practice reduces

data volume a little, the energy balance is no longer as strict as expected

from file 12 representation. A comparison between excitation energy

production and inelastic gamma production shows that the former was larger by

a maximum of 9%. In the incident neutron energy range 0.85 - 2.122 MeV, the

gamma production in the ENDF/B-V files MF=13, MF=15 represents capture

photons. As mentioned earlier, the energy imbalance that produced negative

kerma factors in that range can not be due to elemental Q-value problems.

The elemental (n,7) cross section constructed from JENDL-2 data is in better

qualitative agreement with the ENDF/B-V.2 capture gamma production than the

ENDF/B-V.2 (n,7) cross section. The possibly underestimated ENDF/B- V.2

(n,7) cross section needs to be reviewed in this range, and more gamma

resolution than the provided 4 point histogram is needed.

The difference between the DEB and KIN results alternates between

positive and negative values for groups 110-146. The DEB kerma factor of

group 136 is negative. Although the DEB problem below the incident neutron

energy of 2.122 MeV is due to a mismatch between neutron and gamma files, the
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coarse histogram gamma production representation is the source of the DEB

error between the incident energy of 2.122 and 5.5 MeV. The KIN prompt kerma

factors are therefore recommended below 5.5 MeV. Above 5.5 MeV, the DEB

kerma factors are accepted to account for the (n,x) gamma production.

For decay heat calculations, the isotopic cross sections from the JENDL-

2 files were normalized to reproduce the ENDF/B-V.2 cross sections. No

radioactivity-producing reaction in Fe-57 was found in JENDL-2 and

considering' its small abundance, its decay heat contribution was ignored.

Fe-58 (n,p) and (n,a) reactions are the only radioactivity-producing

reactions found for this isotope in JENDL-2 data and their small contribution

was considered.

28-Ni-nat

In addition to the ENDF/B-V elemental evaluation, JENDL-2 isotopic

evaluations for the 5 Nickel isotopes were used. Variable Q- values for

(n,p) and (n,a) reactions were computed from JENDL-2 data. The maximum

reduction of total kerma factors due to using these variable Q- values

amounts to only 5%. The effect of the other reactions' variable Q-values was

assumed to be small and was not considered. The DEB and KIN results are in

good agreement up to group 113 where the error does not exceed 3.8%.

Between group 114 and 141, the difference oscillates between positive and

negative values with 3 negative DEB kerma factor groups 121, 122, and 127.

The reason for this DEB inaccuracy is the coarse histogram gamma production

representation. In that range, there are only 6 histogram intervals which GO

not provide the resolution needed for the 28 groups. Therefore for the first

141 groups, up to an incident neutron energy of 4.0 MeV, the KIN results are

recommended. Above 4.0 MeV, there are 14 histogram intervals for gamma
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production which provide better resolution for the remaining 33 groups. To

account for (n,x) gamma production, the DEB kerma factors are recommended

above 4.0 MeV.

Decay heat production is produced by reactions with the low- abundance

isotopes Ni-61, Ni-62, and Ni-64. The JF.NDL-2 cross sections for these

isotopes were therefore used for decay heat production calculations directly

without normalization to elemental ENDF/B-V values.

29-Cu-nat

There are only two copper natural isotopes Cu-63 and Cu-65 with

abundances of 69.2% and 30.8% respectively. This made the unique

determination of isotopic data possible if data for either isotope is

available. ENDF/B-V activation files provide for partial isotopic

evaluations which are prepared by the same evaluator, C. Fu, and therefore

consistent with the elemental evaluation. The Cu-63 (n,7), (n,p) and (n,d)

cross sections were obtained from ENDF/B-V MAT = 7293, while the Cu-65 (n,2n)

cross section was obtained from ENDF/B-V, MAT = 7295. The (n,n'a) cross

sections for both isotopes are taken from JENDL-2 and normalized to ENDF/B-V

elemental values. The Cu-65 (n.n'p) cross section is taken from reference

[36] and is tabulated below:

Neutron Energy
E (MeV)

8.0
9.5
10.5
12.0
13.5
14.5
16.0
20.0

Cu-65 (n.n'p) cross
section (barn)

0.0
1.0E-3
6.0E-3
7.0E-3
1.7E-2
1.8E-2
3.0E-2
6.0E-2
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The isotopic cross section data mentioned above were used to compute

variable Q-values for (n,2n), (n.n'a), (n.n'p), (n,p), and (n,a) reactions.

Variable Q-values for (n,d) and (n,He3) reactions are not considered because

their maximum effect can not exceed 7.0x10-* and 6.0x10^ eV.barn respectively.

Away from the sensitive groups near the negative DEB kerma factor groups 169

and 170, the maximum reduction in DEB kerma factors due to variable Q-values

amounts to 75% at the last group 174. The DEB kerma factor is negative in

the incident neutron energy range of 1.25 through 1.65 MeV i. e. groups 118

through 122. Kerma factor groups 169 and 170 are also negative. Comparison

with KIN results shows that the difference between kerma factors computed by

the two methods oscillates between positive and negative values in the entire

incident neutron energy range. The gamma production represents only capture,

inelastic, and (n,2n) photons, i. e. there is no representation for possible

(n,x) gammas. The KIN method is therefore used to produce the recommended

kerma factors. The isotopic cross sections are used to compute decay heat

production.

42-Mo-nat

In the elemental ENDF/B-V evaluation, the only reactions represented are

the elastic, continiuum inelastic, (n,2n), (n,3n) and capture. While the

(n,p) and (n,a) reactions are ignored in the ENDF/B-V evaluation, non-trivial

cross sections of the order of 25 mb and 10 mb respectively are to be found

in JENDL-2 evaluations. DEB kerma factors with constant Q-values are

negative for 97 out of 174 groups. The use of variable Q-values would

introduce more negative groups. The DEB kerma is particularly sensitive to

gamma production errors because there are no (n,x) reactions in the

48



representation. The accuracy of gamma files can not be judged before

detailed level inelastic, (n,p), and (n,a) reactions are introduced to the

neutron files. Since the KIN method is well suited to treat all the listed

reactions in ENDF/B-V without the need of any Q-value information, this

method Was used to produce the recommended kerma factors.

For decay heat calculations, the Mo-92 (n,2n) cross section was taken

from JENDL-2 and normalized to ENDF/B-V values. Abundance weighting was used

to compute heating from the Mo-100 (n,7) reaction.

82-Pb-nat

In the elemental ENDF/B-V evaluation, the only reactions represented are

elastic and inelastic scattering, (n,2n), (n,3n), and radiative capture.

Small (n.n'p), (n.n'a), (n,p), and (n,a) reaction cross sections are found in

the JENDL-2 evaluations. With constant Q- values, the DEB kerma factors were

found to be negative for 26 groups. With variable Q-values generated from

JENDL-2 for (n,2n) and (n,3n) reactions, 4 more groups became negative. The

negative kerma error can be attributed to the DEB kerma factor sensitivity to

gamma production because there are no charged particle-producing reactions in

the representation. Improvements in that area is expected to have a good

impact on DEB kerma factor accuracy. On the other hand, the KIN treatment of

the represented reactions is complete and independent of Q-values-.. The KIN

kerma factors are therefore recommended.

For decay heat computations, JENDL-2 isotopic cross sections normalized

to elemental ENDF/B-V are used.
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III.3 Fissionable Materials

Kerma factors were evaluated . for 15 fissionable materials listed in

section II.1. The kerma factors ' for. these materials are dominated by the

contribution of the fission reaction. This is particularly true for fissile

materials where thermal neutrons are able to induce fission. The other

reactions whose cross sections are given in ,ENDF/B-V are capture, elastic

scattering, inelastic scattering, (n,2n), and (n,3n) reactions. For fertile

materials, the fission effective threshold energy is lower than that for the

(n,2n) and (n,3n) reactions. Below the fission threshold, the kerma factor'

will be dominated by capture and scattering interactions. Since capture and

scattering treatment is equivalent for both DEB and KIN general approaches,

and the fission kerma factor computation method is not a kinematic one, it

was appropriate to apply the DEB method to all fissionable materials. It

should be noted however, that gamma files are not provided in the ENDF/B-V

data for some materials. These materials include Pa-233, U-234, U-236, Np-

237, and Pu-238. In this case, the computed DEB kerma factors are larger

than the KIN ones because they include the unwanted component of gamma energy

from fission and other reactions. The KIN results are therefore recommended

for the KAOS/LIB-V library for these materials. Both DEB and KIN kerma

factors are saved for all the fissionable materials in the KAOS/LIB-V

1ibrary.

The radioactive decay contribution to the local energy deposition was

calculated from the delayed beta component of the fission energy release

given in ENDF/B-V file 1. The charged particle decay energy from radioactive

nuclei formed by non-fission reactions was also added. Similar treatment was

given to gamma decay heat component.
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IV. GRAPHICAL REPRESENTATION OF KAOS/LIB-V RESPONSE FUNCTIONS

In this section, graphs of all nuclear response functions are presented

for all the materials included in the KAOS/LIB-V library.

Only the recommended set of prompt and total kerma factors are plotted. The

log-scale graphs show the low incident neutron energy part in more detail.

The linear scale graphs show the high incident neutron energy part more

clearly.
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Appendix A

DECAY ENERGY TABLES

The decay energies for all the materials in the KAOS/LIB-V library are

listed below. The materials that do not produce decay heat with half-life

within the 1 day cutoff are not listed. For single-isotope materials,

charged particles decay energy E<j(ch) and gamma decay energy E^(7) are

listed. The producing reactions are identified using the ENDF/B-V MT number.

For natural elements, the radioactive reaction products are also identified.

Single-Isotope Materials

MT Ed(ch) Ed(7)

3-L1-6

3-Li-7

4-Be-9

103

102

104

103

104

107

1.568

9.316

1.568

6.177

9.316

1.568

0.0

0.0

0.0

0.0

0.0

0.0
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5-B-ll

6-C-12

7-N-14

8-0-16

9-F-19

ll-Na-23

13-A1-27

MT

102

103

107

103

16

103

16

102

103

107

102

103

107

102

103

107

Ed(ch)

6.3405

4.825

9.3031

6.4

0.4794

2.664

0.2456

2.481

1.701

2.664

0.5626

1.9011

2.4808

1.2315

0.6884

0.56265

Ed (7)

0.05771

1.351

0.0

0.0

1.022

4.605

0.9903

1.6326

1.008

4.605

4.1228

0.14664

1.6326

1.7789

0.8842

4.1228



MT
15-P-31

Ed(7)

25-Mn-55

27-CO-59

40-Zr-92

16
103

107

102

103

106

107

1.44
0.589

1.2315

0.833

1.093

1.1016

0.833

1.022
0.0

1.7789

2.047

0.0

0.0655

2.047

103 1.48 0.246

40-Zr-94

40-Zr-96

72-Hf-178

103

107

102

107

1.

0.

1.

1.

9

615

184

74

0.

1.

1.

1.

6

124

532

19

103 0.8584 0.0

72-Hf-179

103 0.4877 0.214

72-Hf-180

103 0.5652 1.62
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74-W-184

74-W-186

83-Bi-209

MT

103

2b

102

103

107

107

Ed(ch)

0.385

0.677

0.521

1.71

0.4684

0.5845

Ed (7)

2.481

0.298

0.2727

0.885

0.722

0.0

Natural Elements Decay Data

MT
12-Mg-nat

16

28

102

103

107

14-Si-nat

103

Product

Mg-23

Na-24

Na-25

Mg-27

Na-24

Na-25

Na-26

Ne-23

Al-28

Ed(ch)

1.334

0.5626

1.494

0.6884

0.5626

1.494

3.3565

1.9011

1.255

Ed(7)

1.06

4.1228

0.4244

0.8842

4.1228

0.4244

2.176

0.14664

1.779
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MT Ed(ch) Ed (7)
16-S-nat

17-Cl-nat

19-K-nat

20-Ca-nat

22-Ti-nat

16

103

105

107

111

16

102

103
107

16

102

103

107

16

105

16

28

102

103

104

105

S-31

P-34

P-30

Si-31

Si-31

Cl-34

Cl-38

S-37

P-34

K-38

K-42

Ar-41

Cl-38

Ca-39

K-38

Ti-45

Sc-49

Ti-51

Sc-49

Sc-50

Sc-49

Sc-44

2.00

2.3

1.44

0.589

0.589

1.524

1.51

0.780

2.30

1.2115

1.4185

0.4492

1.51

2.58

1.2115

0.3785

0.8292

0.8678

0.8292

1.658

0.8292

0.6029

1.022

0.319

1.022

0.0

0.0

1.022

1.419

2.9295

0.319

3.1896

0.2744

1.294

1.419

1.022

3.1896

0.879

0.0

0.3688

0.0

3.125

0.0

2.07
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MT
23-V-nat

102

103

24-Cr-nat

16

28

102

103

104

105

106

107

Product

V-52

11-51

Cr-49

V-52

V-53

Cr-55

V-52

V-53

V-54

V-52

V-53

V-52

Ti -51

Ti-52

Ti-51

Ed(ch)

1.0931

0.8673

0.645

1.093

0.998

1.12

1.093

0.998

1.313

1.093

0.998

1.093

0.867

0.72

0.867

Ed (7)

1.434

0.3687

1.127

1.434

1.037

0.0

1.434

1.037

3.944

1.434

1.037

1.434

0.369

0.142

0.369

26-Fe-nat

16

103

107

Fe-53

Mn-56

Mn-58

Cr-55

1.153

0.833

2.907

1.094

1.1808

2.047

0.0

0.0

28-Ni-nat

28

102

103

107

Co-61

Ni-65

Co-61

Co-62

Co-64

Fe-61

0.4522

0.6364

0.4522

1.664

3.329

1.581

0.09163

0.5427

0.09163

1.512

0.181

1.129
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MT
29-Cu-nat

16

22

102

103

106

107

Product

Cu-62

Cu-64

Co-61

Cu-64

Cu-66

Ni-65

Co-61

Co-63

Co-62

Ed(ch)

1.288

0.1297

0.5816

0.1297

1.071

0.6364

0.5816

1.549

1.664

Ed (7)

0.9995

0.2053

0.09771

0.2053

0.08315

0.5413

0.09771

0.1362

1.512

42-Mo-nat

82-Pb-nat

16

102

16

102

Mo-91

Mo-101

Pb-203

Pb-209

1.47

0.505

0.0

0.2095

0.9576

1.5

0.3

0.0

Decay Energy for Non-f1ss1on Reactions 1n Fissionable Materials

Ed(7)Material

Th-232

Pa-233

U-238

Pu-242

Am-241

Am-243

MT

102

102

102

102

102

102

0.603 0.0

0.291 1.646

0.6174 0.0

0.29 0.0

0.2734 0.0

0.72 0.0
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Appendix B

Vitamin-E 174 Group Structure

group

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Top Energy eV
. 1.00001E-01

4.13994E-01

5.31578E-01

6.82560E-01

8.76425E-01

1.12535E+00

1.44498E+00

1.85539E+00

2.38237E+00

3.05902E+00

3.92786E+00

5.04348E+00

6.47595E+00

8.31529E+00

1.06770E+01

1.37096E+01

1.76035E+01

2.26033E+01

2.90232E+01

3.72665E+01

4.78512E+01

6.14421E+01

7.88932E+01

1.01301E+02

1.30073E+02

1.67017E+02

2.14454E+02

2.75364E+02

3.53575E+02

4.53999E+02

group

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52 •

53

54

55

56

57

58

59

60

Top Energy eV

5.82947E+02
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