ENDF - 102 Data Formats and Procedures

April 2001 3. 1

3. FILE 3, REACTION CROSS SECTIONS

3.1. General Description

Reaction cross sections and auxiliaryquantities are given in File 3 as functions of energyE, where E is the incident energyin the laboratorysystem. Theyare given as energy - cross section

(o r auxiliaryquantity) pairs. An interpolation scheme is given that specifies the energyvariation of the data for incident energies between a given energypoint and the next higher point. File 3 is divided into sections, each containing the data for a pa rticular reaction (MT number); see Section

0.5 and Appendix B. The sections are ordered byincreasing MT number. As usual, each section starts with a HEAD record and ends with a SEND record. The file ends with a FEND record.

3.2. Formats

The following quantities are defined

ZA,AWR Standard material charge and mass parameters.

QM Mass - difference Q value (eV): defined as the mass of the target and projectile minus the mass of the residual nucleus in the ground state and masses of all other reaction pro ducts; that is, for a+A

ó(E) Cross section (b arns) for a particular reaction (or the auxiliaryquantity) given

as a table of NP energy - cross section pairs.

The structure of a section is

[MAT, 3, MT/ ZA, AWR, 0, 0, 0, 0] HEAD

[MAT, 3, MT/ QM, QI, 0, LR, NR, NP/ E int

/ ó(E)] TAB1

[MAT, 3, 0/ 0.0, 0.0, 0, 0, 0, 0] SEND

3.3. General Procedures

3.3.1. Cross Sections, Energy Ranges, and Thresholds

For incident neutrons, the cross - section data must cover an energyrange up to a common upper limit of at least 20 MeV, and the data must exte nd to a lower limit of the reaction threshold or

10 - 5 eV whichever is higher. For other reactions, the cross section should start at the reaction threshold energy(with a value of 0.0 barns) and should continue up to a common upper energy limit .

ENDF - 102 Data Formats and Procedures

3. 2 April 2001

In th e case where there is a change in the representation above a given energy,

e.g. , a change

from separate reactions to MT=5 (sum of reactions not given separatelyin other sections), the

following procedure should be used. For the cross sections in the lower energyregion, there

should be a duplicate point with a value of zero at the last energyfor a which a non - zero cross

section is given, and a point with a value of zero at the common upper energylimit. Similarly,

for the cross sections in the upper energ yregion, there should be a duplicate point with a value of

zero at the first energyfor a which a non - zero cross section is given, and a zero value at the low

energylimit. The evaluator should document the change in representation in the File 1

comments .

For charged - particle emission, the cross section is usuallyverysmall from the threshold (or

lower limit) up to an

á+ 9 Be ® n+X. After

the neutron has been emitted, the compound system is 12 C with QM=5.702 MeV and energy

levels (E

x

) at 0.0, 4.439, 7.654, and 9.641 MeV. The ground state is stable against particle

breakup, the first level decays byphoton emission, and th e higher levels decaywith high

probabilitybybreaking up into three alpha particles (7.275 MeV is required). This pattern can

be represented as follows.

ENDF - 102 Data Formats and Procedures

April 2001 3. 3

Reaction QM QI EX MT

ENDF - 102 Data Formats and Procedures

3. 4 April 2001

A reaction evaluation will contain File 1, File 2, File 3, and sometimes File 32 and/or File

33. File 2 can contain resonance parameters. If radioactive products must be described, Files 8,

9, 10, 39, and/or 40 maybe presen t. File 3 maytabulate one or more reaction cross sections.

The total cross section is not usuallywell defined in reaction evaluations since theyare

incomplete. Examples of this class of evaluations include activation data and dosimetrydata.

A low - en ergy transport evaluation should be adequate for calculating neutron transport and

simple transmutations for energies below about 6 - 10 MeV. Photon production and covariance

data should be included when possible. Typical evaluations will include Files 1, 2, 3, 4, 5, and

sometimes Files 8, 9, 10, 12, 13, 14, 15, 31, 32, 33, 34, 35, 39, and/or 40. Resonance parameters

will usuallybe given so that self shielding can be computed. Charged - particle spectra (MT=600 -

849) and neutron energy - angle correlation (MF =6) will usuallynot be given. File 3 should

include all reactions important in the target energyrange, including the total (MT=1) and elastic

scattering (MT=2). Other reactions commonlyincluded are inelastic scattering (MT=4,51 - 91),

radiative capture (MT=102), fission (MT=18,19 - 21,38), absorption (MT=103,104,105,...), and

other neutron emitting reactions such as MT=16,17,22,28,.... Specific procedures for each

reaction are given below. Examples of this class of evaluations include fission - product dat a and

actinide data.

A high - energy transport evaluation should be adequate for calculating neutron transport,

transmutation, photon production, nuclear heating, radiation damage, gas production,

radioactivity, and charged - particle source terms for energie s up to at least 20 MeV. In some

cases, the energylimit needs to be extended to 40 - 100 MeV. These evaluations use Files 1, 2, 3,

4, 5, 6, 12, 13, 14, 15, and sometimes 8, 9, 10, 31, 32, 33, 34, 35, 39, and/or 40. Once again, File

3 should give cross se ctions for all reactions important in the target energyrange, including

MT=1 and 2. This will normallyinclude manyof the reactions mentioned above plus the series

MT=600 - 849. At high energies, some reactions maybe combined using the "complex reaction "

identifier MT=5. File 6 will normallybe needed at high energies to represent energy - angle

correlation for scattered neutrons and to give particle and recoil energies for heating and damage

calculations. Special attention to energybalance is required. High - energyevaluations are

important for materials used in fusion reactor designs, in shielding calculations, and in medical

radiation - therapyequipment (including the components of the human body).

3.4.1. Total Cross Section (MT=1)

The total is often the best - known cross section, and it is generallythe most important cross

section in a shielding material. Considerable care should be exercised in evaluating this cross

section and in deciding how to represent it.

Cross section minima (potential windo ws) and cross section structure should be carefully

examined. Sufficient energypoints must be used in describing the structure and minima to

reproduce the experimental data to the measured degree of accuracy.

The total cross section, as well as anypart ial cross section, must be represented by50,000

incident - energypoints or fewer. The set of points or energymesh for the total cross section must

be a union of all energymeshes used for the partial cross sections. Within the above constraints,

everya ttempt should be made to minimize the number of points used. The total cross section

must be the sum of MT=2 (elastic) and MT=3 (nonelastic). If MT=3 is not given, then the

elastic cross section plus all nonelastic components must sum to the total cross section.

ENDF - 102 Data Formats and Procedures

The fact that the total cross section is given at everyenergypoint at which at least one partial

cross section is given allows the partial cross sections to be added together and checked against

the total for anypossible errors. In certain c ases, more points maybe necessaryin the total cross

section over a given energyrange than are required to specifythe corresponding partial cross

sections. For example, a constant elastic scattering cross section and a 1/v radiative capture

cross secti on could be exactlyspecified over a given energyrange bylog - log interpolation

(INT=5), but the sum of the two cross sections would not be exactlylinear on a log - log scale. If

a precise total cross section is required between the energypoints provided , it is recommended

that the total be calculated from the sum of the partials rather than interpolated directlyfrom

MT=1.

3.4.2. Elastic Scattering Cross Section (MT=2)

The elastic scattering cross section is generallynot known to the same accuracyas the total

cross section. Frequently, the elastic scattering cross section is obtained bysubtracting the

nonelastic cross section from the total cross section. This procedure can cause problems. The

result is an elastic scattering cross section that con tains unreal structure. There maybe several

causes. First, the nonelastic cross section, or anypart thereof, is not generallymeasured with the

same energyresolution as the total cross section. When the somewhat poorer resolution

nonelastic data are subtracted from the total, the resolution effects appear in the elastic cross

section. Second, if the evaluated structure in the nonelastic cross section is incorrect or

improperlycorrelated with the structure in the total cross section (energy - scale err ors), an

unrealistic structure is generated in the elastic scattering cross section.

The experimental elastic cross section is obtained byintegrating measured angular

distributions. These data maynot cover the entire angular range or maycontain contri butions

from nonelastic neutrons. Such contamination is generallydue to contributions from inelastic

scattering to low - lying levels that were not resolved in the experiment. Care must be taken in

evaluating such results to obtain integrated cross sectio ns. Similarly, experimental angular

distribution data can also cause problems when used to prepare File 4.

3.4.3. Nonelastic Cross Section (MT=3)

The nonelastic cross section is not required unless anypart of the photon production

multiplicities given in File 12 uses MT=3. In this case, MT=3 is required in File 3. If MT=3 is

given, then the set of points used to specifythis cross section must be a union of the sets used for

its partials.

3.4.4. Inelastic Scattering Cross Sections (MT=4,51 - 91)

A tot al inelastic scattering cross section (MT=4) must be given if anypartials are given; that

is, discrete level excitation cross sections (MT=51 - 90), or continuum inelastic scattering

(MT=91). The set of incident energypoints used for the total inelastic c ross section must be a

union of all the sets used for the partials.

ENDF - 102 Data Formats and Procedures

3. 6 April 2001

Values should be assigned to the level excitation cross sections for as manylevels as possible

and extended to as high an energyas possible. Anyremaining inelastic scattering should be

treated as continuum. In particular, low - lying levels with significant direct interaction

contributions (such as deformed nuclei with 0 + ground states) should be extended to the upper

limit of the file (at least 20 MeV) in competition with continuum sc attering. The secondary

energydistribution for such neutrons resembles elastic scattering more than an evaporation

spectrum.

Level excitation cross sections must start with zero cross section at the threshold energy. If

the cross section for a particul ar level does not extend to the upper limit for the file ( e.g. , 20

MeV), it must be double - valued at the highest energypoint for which the cross section is non -

zero. The second cross section value at the point must be zero, and it should be followed by

a nother zero value at the upper limit. This will positivelyshow that the cross section has been

truncated.

If LR=0, a particular section (MT) represents (n,n’gamma). The angular distribution for the

scattered neutron must be given in the corresponding se ction of File 4 or 6. The associated

photons should be given in a corresponding section of File 6 or 12, if possible. If the inelastic

photons cannot be assigned to particular levels, theycan be represented using MT=4 in File 6, 12

or 13. When inelasti c photons cannot be separated from other nonelastic photons, theycan be

included in MF=13, MT=3.

A LR flag greater than zero indicates inelastic scattering to levels that de - excite bybreakup,

particle emission, or pair production rather than byphoton em ission (see Section 0.6) 1 . If LR=1,

the identities, yields, and distributions for all particles and photons can be given in File 6. If

LR>1, angular distributions for the neutron must be given in File 4, and distributions are not

available for the emitt ed particles. In this case, photon production is handled as described above

for LR=0.

If a particular level decays in more than one way, then File 6 can be used or several sections

can be given in File 3 for that level. Consider the case in which an exci ted state sometimes

decays byemitting a proton, and sometimes byemitting an alpha particle. That part of the

reaction that represents (n,n’á) would use LR=22, and the other part would be given the next higher section number (MT) and would use LR=28 (n,n ’p). The angular distribution for the neutron would have to be given in two different MT numbers in File 4, even though they represent the same neutron. The sections must be ordered bydecreasing values of QI(increasing excitation energy).

3.4.5. Fissi on (MT=18,19 - 21,38)

The total fission cross section is given in MT=18 for fissionable materials. Everyattempt should be made to break this cross section up into its various parts:first - chance fission (n,f),

MT=19; second - chance fission (n,n’f), MT=20; th ird - chance fission (n,2nf), MT=21; and fourth - chance fission (n,3nf), MT=38. The data in MT=18 must be the sum of the data in MT=19, 20,

21, and 38. The energygrid for MT=18 must be the union of the grids for all the partials.

1 LR=31 is still allowed, however, to uniquelydefine t

he ã - decaywhen using MF=3, and MF=12 (or 15) and MF=4.

ENDF - 102 Data Formats and Procedures

If resolved or unresolv ed resonance parameters are given in File 2, the fission cross section

computed from the parameters must be included in both MT=18 and MT=19.

The Q value for MT=18, 19, 20, 21, and 38 is the energyreleased per fission minus the

neutrino energy. It shou ld agree with the corresponding value given in MT=458 in File 1.

Secondaryneutrons from fission are usuallystated to be isotropic in the laboratorysystem in

File 4. Energydistributions are given in File 5. The complex rules associated with the parti al

fission reactions are described in Section 5.

3.4.6. Charged - Particle Emission to Discrete and Continuum Levels (MT=600 - 849)

The (n,p) reaction can be represented using a summation cross section, discrete levels, and a

continuum (MT=103, 600 - 648, and 6 49) in the same waythat the (n,n’) reaction is represented

using MT=4, 51 - 90, and 91 (see Section 3.4.4). Similarly, (n,d) uses MT=104 and 650 - 699, and

so on for t, 3

Inelastic ó

ã undefined 102

n 51 - 91 4

p 601 - 649 103

d 651 - 699 104

t 701 - 749 105

3 He 751 - 799 106

á 801 - 849 107

3.5.4. Stopping Power

The total charged - particle stopping power in eV

´ barns is given in MF=3, MT=500. This is basicallyan atomic propertyrepresenting the shielding of the nuclear c harge bythe electrons, but it should be repeated for each isotope of the element. It is a "total" stopping power in that most tabulations implicitlyinclude large - angle coulomb scattering which is also represented here in

File 6. In practice, this contr ibution is probablysmall enough to keep double counting from being a problem. At low particle energies, mixture effects are sometimes noticeable. Theyare not accounted for bythis representation.