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(PORTANT SUR LE ZIRCONIUM EN PARTICULIER)

par

C.H. Woo

RESUME

L'irradiation neutronique produit des dégâts dans un solide,

au début sous forme de déplacements atomiques. Pour d'abord comprendre

les effets des dégâts par rayonnement dans les matériaux de structure du

réacteur, il faut avoir des renseignements sur les déplacements atomi-

ques initiaux. Le programme d'ordinateur DISPKAN, basé sur le dévelop-

pement et la généralisation du programme RICE et rédigé au ORNL pour des

calculs de ce genre, a été mis au point et incorporé dans le système CDC

des CRNL. En se servant des données de diffusion des neutrons provenant

des fichiers ENDF/B, DISPKAN effectue une analyse du déplacement et du

PKO des dégâts initiaux causés par les neutrons d'un spectre donné. Les

quantités suivantes sont calculées : le taux de déplacement par unité de

flux neutronique, le spectre PKO, le spectre de déplacement, la fraction

de PKO à énergie supérieure à T, la fraction des déplacements produits

par les PKO à énergie supérieure à T, l'énergie moyenne de PKO, le

nombre moyen de déplacements produits par PKO et le nombre total de PKO

produits par atome de solide par unité de fluence. Les formats d'en-

tré.'.s et de sorties du programme sont expliqués. Des essais-types sont

démontrés. Les résultats pour le cas du zirconium, exposé à cinq spec-

tres neutroniques dont l'expérimentateur peut normalement disposer, sont

donnés pour illustrer la dépendance spectrale des événements de déplace-

ment initial.
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NEUTRON-INDUCED DISPLACEMENT DAMAGE ANALYSIS
(WITH PARTICULAR REFERENCE TO ZIRCONIUM)

by

C.H. Woo

ABSTRACT

Neutron irradiation produces damage in a solid, initially in

the form of atomic displacements. As a first step to understanding the

effects of irradiation damage in reactor structural materials, informa-

tion on the initial atomic displacements is necessary. The computer

program DISPKAN, based on an extension and generalization of the program

RICE, written at ORNL for such calculations, has been developed and in-

stalled on the CDC system at CRNL. Using neutron scattering data from

ENDF/B files, DISPKAN performs a displacement and PKO analysis on the

initial damage caused by neutrons from a given spectrum. The following

quantities are calculated: the displacement rate per unit neutron flux,

the PKO spectrum, the displacement spectrum, the fraction of PKO's with

energy above T, the fraction of displacements produced by PKO's with

energy above T, the average PKO energy, the average number of displace-

ments produced per PKO, and the total number of PKO's produced per atom

of the solid per unit fluence. The input and output formats of the

program are explained. Sample runs are demonstrated. Results for zir-

conium, exposed to five neutron spectra typically available to exper-

imentalist, are given to illustrate the spectral dependence of the

initial displacement events.
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1. INTRODUCTION

Irradiation by high energy ions, neutrons or electrons pro-

duces damage in a crystalline solid which initially manifests itself by

displacements of atoms from their original lattice positions. These

displacements result in the production of equal numbers of vacancies and

interstitials (Frenkel pairs). The number and spatial distribution of

these depend on the energy of the atom directly displaced by the irra-

diation particle (the primary-knock-on atom or PKO). This, in turn,

depends on the energy, or energy distribution in cases where neutrons of

more than one energy are involved, and the type of irradiating particle.

In cases where the density of Frenkel pairs initially produced

is high, as is often the case for medium-energy neutron irradiation, the

majority of the vacancies and interstitials annihilate through athermal

recombination in a very short time. The subsequent (thermal) time- and

temperature-dependent behaviour of the physical properties of the mate-

rials depends on the evolution of the surviving point defects which

diffuse throughout the solid until they end up in one of the following

ways :

(1) Recombine with point defects of the opposite type and annihi-

late one another.

(2) Deposit on existing sinks such as dislocation network, grain

boundaries, incoherent precipitates, dislocation loops and

voids.

(3) Are held on the surface of coherent precipitates until finally

annihilated by the arrival of point defects of the opposite

type.

(A) Link up with point defects of the same type and act as nucle-

ation centers for dislocation loops or voids.

Throughout this report, by interstitials we mean self-interstitials.
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Consequently, changes in the physical properties of irradiated

materials depend, on the one hand, on the initial microstructure and

subsequent structural changes of the material and, on the other hand,

on the number and distribution of the surviving point defects. Changes

due to the former may be calculated using a rate theory approach ,

provided the latter is known.

Notwithstanding these complications, the determination of the

initial (i.e., before athermal annealing) number of atomic displacements

during irradiation is the first and essential step in any attempt to

study the more complicated mechanisms involved. Moreover, knowledge of

the total number of defects initially created, as a function of the

reactor neutron spectrum, facilitates comparison of the property changes

between specimens irradiated in different reactors or in different loca-

tions of the same reactor, thus allowing empirical prediction of irradi-

ation damage effects on the structural materials of one reactor based on

data obtained from other reactors.

Additional incentive for an accurate determination of the dis-

placement damage comes from an increased use, in the last few years, of

high energy electrons or ions. These provide a convenient means of simu-

lating the damage process; which occurs as a result of neutron irradiation.

Traditionally, the quantity used to express the total damage

rate of a neutron spectrum has been the total neutron dose (in units of
2

neutrons/ m -s) above a certain minimum neutron energy (typically 0.1 or

1 MeV), while for ion irradiations, the damage dose rate has generally

been expressed more directly as the total number of atoms displaced per

second (dpa/s ). It is clear that, to provide a proper basis for compar-

ison between irradiation effects due to neutron and ion irradiations, or

between neutron irradiations for different reactor neutron spectra, it is

essential to adopt a common and convenient damage unit. At present,the

most acceptable unit is the total number of atoms displaced per second.

*
dpa = displacement per atom
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It must be noted, however, that the displacements referred to

in such simulation experiments should be those surviving after athermal

annealing is completed. Initial atomic displacements, occurring before

athermal annealing, due to two different irradiations are comparable

only if the spatial distributions of the initial displacements are the

same; in other words, the PKO energy spectra are the same, or, at least,

that portion of the spectra causing most of the dis-placements is the

same.

To compare the irradiation damages due to two different irra-

diations , some information about the PKO's, such as the PKO energy

spectra and the displacement spectra vs. the PKO energies, is required.

Such knowledge is also required to interpolate existing irradiation da-

mage data for design purposes.

To calculate the damage rate in dpa/s for a given reactor

spectrum, lr. i given material, as accurately as possible, a recent re-
(2)

port recommended certain procedures. A computer program which con-

tains most of the recommended procedures is the program RICE, originally

developed at ORNL by Jenkins . Using ENDF/B files to generate the

elastic and inelastic neutron scattering cross sections, this program

calculates the total number of atomic displacements and the PKO spec-

trum. However, the RICE program, as it stands, is not applicable to

zirconium because it can only accept resolved inelastic neutron scat-

tering (n,n') cross sections directly from File 5, MT=4 of the ENDF/B

files, while the corresponding data for zirconium can be retrieved only

indirectly from File 3, MT=51-90 of the ENDF/B files. Furthermore, RICE

does not contain the complete analysis on the PKO's that we need. In

addition, the inpu1: neutron spectra must have the 99-group GAM-II struc-

ture and this is too restrictive. Nevertheless, RICE forms a good star-

ting point from which a program suited to our specific needs may be de-

veloped. This report gives an account of the program so developed,
Oak Ridge National Laboratory
Evaluated Nuclear Data Files
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which we call D1SPRAN (Displacement and PKO ANalyses). Although the em-

phasis will be on the detailed modifications and extensions of RICE, a

brief account of the underlying theory and approximations involved will

also be given. Finally, DISPKAN is used to analyze the displacement

damage occurring in zirconium specimens irradiated in several neutron

spectra, which typify the experimental facilities in common use.

2. THEORY

Fast neutron displacement, damage may be described as a two

stage process. In the primary stage, a neutron of energy E scatters

from an atomic nucleus in the material, and transfers a kinetic energy T

to it, which then becomes the primary-knock-on atom (or PKO). In the

secondary stage, the PKO moves through the lattice causing further

atomic displacements.

In the primary stage, the key quantity of interest is the

energy transfer kernel, which is the probability that a neutron with

energy E produces a PKO with energy T. The energy transfer kernel is

given by a (E) K(E,T), the product of the two probabilities, (1) a (E),
s s

which is the total cross section that a collision occurs and (2) K(E,T),

which determines that the collision results in transferring an energy T

to the PKO. Both of these probabilities can be calculated from the neu-

tron scattering data gathered on the ENDF/B in standard, computer-

accessible form.

In RICE , only the smooth elastic and inelastic (n,n')

An elastic scattering event is one in which the total energy of the
projectile and the scatterer (in our case, the neutron and the PKO)
is conserved. An inelastic scattering event is one in which energy
is dissipated during the collision. In our case, this energy is
usually emitted in the form of a y~ray quantum per event. When a
large number of scattering events occur simultaneously, a y-xay
spectrum is obtained. This spectrum contains resolvable and unre-
solvable (continuum lines. Each line corresponds to one kind of
inelastic scattering and has its own scattering cross section.
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(both resolved and unresolved) scattering cross sections are accounted

for. The (n,2n), (n,p), (n,d), (n,a), (n,y) smooth capture, resolved

and unresolved resonance contributions are neglected. The resolved and

unresolved resonance contribution for zirconium occurs (see Appendix A)

mainly within the thermal neutron range and may be taken into account

using SUPERTOG . The contributions from the other reactions, except

for (n,2n), are negligible for zirconium, when neutron energies are be-

low 20 meV. The threshold energy of (n,2n) in zirconium is 7.274 MeV,

and the cross section of this reaction becomes appreciable (> 10% of the

total scattering cross section) above 10 MeV. In view of this, we have

included the contributions of the (n,2n) and (n,3n) reactions in DISPKAN.

We emphasize that the negligence of the other nonelastic in-

teractions may not be applicable, in general. For other metals or al-

loys, a preliminary calculation of the cross sections of the different

interactions should be carried out using SUPERTOG prior to running

DISPKAN. Furthermore, we also note that neutron scattering data for

neutron energies greater than 20 MeV are not available from the ENDF/3

files for zirconium.

2.1 ELASTIC SCATTERING ENERGY TRANSFER

(3)According to Jenkins , the elastic scattering contribution

to the energy transfer kernel, with anisotropy accounted for, is given

by

The elastic scattering of a neutron from a PKO can be visualized as
the potential scattering of a neutron by a nuclear potential of the
nucleus of the PKO. For certain specific energies, the neutron can
exist in quasi-stable states with a finite lifetime within the po-
tential. When this occurs, we say that a resonance scattering oc-
curs. The resonance is said to be resolvable when the neutron en-
ergy at which the resonance occurs can be resolved. Otherwise, it
is called unresolvable. The scattering cross section at resonance
is usually very large and occurs as spikes on the smooth elastic
scattering cross section.
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(E) ** (E.T) = of (E) Ç ̂  f£ (K) P£ [ l - ^ ] (1)

where a = (M-m)2/(M+m)2

M = mass of the target nucleus

m = mass of the neutron

el
The total smooth elastic cross section, ff (E), and the energy-dependent

Legendre coefficients, f»(E), (resulting from Legendre expansion of the

scattered neutron angular distributions in the center of mass system)

are obtainable fro

File 4, MT=2 for f^

In cases where resonance scattering must be taken into ac-

are obtainable from the ENDF/B f i l e s ^ [File 3, MT=2 for a e l(E), and

count, a (E) has to be generated externally, as mentioned above, be-

cause DISPKAN does not include resonance scattering. We shall come back

to this case in Appendix A.

2.2 INELASTIC SCATTERING ENERGY TRANSFER

(2)

RICEV makes use of inelastic scattering information avail-

able from ENDF/B in the form of a total inelastic scattering cross

section, a i n(E), and energies of the resolved excited levels, Q, , of
S iC

the target nucleus, together with the corresponding fraction, P (E), of

the cross section. The inelastic scattering cross section resulting in

the excitation of the target nucleus to the kth level is then given by
ain(E)P1 (E). The contribution to ain(E) due to the unresolved levels is
s k- s

also given as a fraction P (E), where K-1 is the total number of re-

solved levels. The scattered neutrons from the unresolved cases are

assumed to be emitted from the compound nucleus with an energy distri-

bution in the center of mass system described by the evaporation mod-
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This approach is not valid for zirconium because, in this

case, P (E) can not be obtained from ENDF/B. Rather, equivalent infor-

mation available from ENDF/F, File 3, MT=51-90, has to be used. This

information is given by a ,/(E), the cross section for the inelastic
s, K.

scattering where the excitation of the kth level occurs,

this option is built into the program.

In DISPKAN,

The contributions to the energy transfer kernel due to the re-

solved and unresolved inelastic scatterings has been worked out by

jenkins(3) The former is given by

with

k=l
(2)

< • ¥ (3)

where y = m/(m+M),

U2 = M/(m+M).

(4)

(5)

The unresolved contribution is slightly more complicated and is given by

P (E)

4cp /Ë
6(E)

erf e(E)
- erf (6)



with

" V l 1 >
and

E ; = » E -

where 6(E) is the energy dependent nuclear temperature supplied by

ENDF/B, File 5, MT=91.

2.3 (n,2n) REACTIONS

The threshold energy for the (n,2n) reaction in zirconium is

7.274 MeV. Three approaches are available for including this reaction

in displacement damage calculations . The simplest method is to add

the (n,2n) and the (n,n') cross sections. Alternatively, there are

the one-neutron model and two-neutrons model. Doran has concluded

there is no significant difference (< 5%) between the results of all

three models for neutron energies less than 15 MeV. In DISPKAN, we

adopt the one-neutron model. In this model, the contributions to the

energy transfer kernel are calculated in the same way as those from the

resolvable (n,n') reactions except that Q. in equation (3) is replaced

by the threshold energy, E , where

F M+m I n I
E th " T T ! Q I •

In DISPKAN the (n,3n) reaction is also accounted for in the

same manner.

The total energy transfer kernel in DISPKAN is then obtainable

as a sum of expressions (1), (2), (6) and contributions from (n,2n) and

(n,3n).
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At this stage, we note that neutron scattering does not neces-

sarily result in the production of a PKO. If the energy transferred, T,

is too small, the knock-on atom can not overcome the potential barrier

which binds it to the normal lattice position and no PKO is produced.

The minimum energy required to produce an isolated displacement event

when one atom is ejected along the direction S in a crystal at 0 K is

called the displacement threshold energy, E,(fi), for the direction ft.

In DISPKAN this value is assumed to be equal to 40 eV and independent of

S2 (see below). Since, in the case of neutron damage, the majority of

energy transfers result in PKO energies far in excess of 100 eV, the

displacement calculation results are insensitive to the exact value of

E,. Nevertheless, as we shall see, the secondary displacement model is

sensitive to E,.
d

2.4 SECONDARY DISPLACEMENTS

When a PKO moves through the lattice, further displacements

are produced or initiated. However, since the PKO can lose energy to

the matrix inelastically by electronic excitation and ionization, only

part of its energy T is useful in producing secondary atomic displace-

ments. It is a basic assumption that only the energy lost elastically

by atomic collision processes results in secondary atomic displacements.

This energy is defined as the damage energy, T, . The calculation of

T. in DISPKAN follows the recommendation of the recent IAEA Technical
dam

Committee Meeting on Radiation Damage Units (Harwell, U.K., 1976 Novem-

ber) and is calculated from a formulation by Robinson of the Lindhard

et a r ' (LSS) theory as follows:

T d a m = T [l+kg(e)]-
1, (9)

where g(e) = e + 0.40244 e 3^ 4 + 3.4008e1/'6, (10)

k = 0.1337 Z2'3/A1'2, (Z is the atomic number and

A is the atomic mass number), (11)

e = T/(0.08693 Z 7 / 3 ) . (12)
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This energy partition model includes all of the assumptions

inherent in the LSS theory plus the assumption that the electronic

energy transfers do not contribute to atomic displacements. This model

is estimated to be accurate to within 20% fcr 20 keV < E< 87 MeV,

which covers the most significant portion of displacements producing

reactor neutron spectra.

With T, determined, we can calculate the number of displace-
dam v

ments, N produced in the collision cascade of the PKO. According to

the recommendation of the IAEA meeting mentioned above, the following
(2)

model is adopted :

T < E d ,

3T
N, = - — - = 10 T (keV) T > 2 E
d 2E, dam - d

For the sake of easy comparison, 3 is chosen to be 0.8 and E, = 40 eV
d

for zirconium. A rationale for the use of this model is presented in
Appendix A of Reference 2. We note that the value of 40 eV is an effec-
tive value for E , designed to take into account some of the athermal

a
recombination.

2.5 CALCULATION OF THE DAMAGE RATE

The rate at which displacements are produced by a neutron

spectrum can be calculated from the energy transfer kernel and the

secondary displacement model, N (T) , given in equation (13). The cal-

culation involves first computing D(E), the damage cross section, which

is the number of displacements per atom of the material caused by a unit

flux of neutrons of energy E.
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fJ'•
o

D(E) = / a (E) K(E,T) N.(T)dT. (14)
s d

The total number of displacements per atom caused per unit

fluence (dpa/fluence) by a neutron spectrum, i]>(E), is then given by

0

(ji(E)D(E) dE

: • (15)

dE

D is sometimes referred to as the spectral averaged displacement cross

section. The displacement rate is the product of D and the dose rate.

2.6 THE PKO ANALYSIS

Unless one can be sure that the athermal annealing and the

subsequent damage structure is independent of the PKO energy, a direct

comparison of the radiation damage effects due to two different irradi-

ation facilities can be erroneous, if they have vastly different PKO

energy distributions. A PKO analysis gives some information as to what

extent the damage effects due to two different irradiations are compa-

rable and may give an indication of what corrections to make when the

PKO spectra are different.

The most common PKO analysis is perhaps the PKO energy spec-

trum which gives the energy distribution of the PKO's. For a given

neutron spectrum <f>(E), the PKO spectrum K(T) is given by

(j>(E) a (E) K(E,T) dE

K(T) - ^-- (16)

dE/
•o
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in ppa/fluence/eV, where ppa means the number of PKO's per atom of the

target material.

Two irradiations producing the same PKO spectrum in the same

material would result in the same damage affects, provided that other

experimental conditions such as temperature, dose rate and stresses are

the same.

Since PKO's with different energies produce different numbers

of displacements, this makes one part of the PKO spectrum more important

than another. Thus, for example, almost 80% of the displacements occur-

ring in a zirconium sample in the WR-1 reactor (see Section 7) is cre-

ated by PKO's having energies between 5 and 50 keV. This means that, in

considering irradiation damage effects, it may be sufficient to compare

the PKO spectra within this range. In this respect, the relative number

of displacements created by PKO's with different energies, which we call

the displacement spectrum, D (T), provides useful information. D (T) is
s s

easily obtainable as the product of the PKO energy spectrum, K(T), and

the secondary displacement model, N (T), i.e.,

D (T) = K(T)N,(T) (17)

and is given in dpa/fluence/eV of PKO energy.

To correlate with observations of cascades in the electron

(9)
efficiency , we need to know the fraction F(T) of PKO's with energy

microscope and to obtain quantities such as cascade yield and cascade
(9)

efficiency , we need to know the fra

above T. This can be calculated from

K(T) dT

K(T) dT

f
F(T) = - — . (18)r
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A similar function, F,(T), which gives the total fraction of

the displacements produced by PKO's with energies above T can also be

calculated from

J Ds(T) dT

/ D (T) dT
Jo S

Two other quantities of interest, which may offer some quick

indication of the nature of the displacements, are the average number of

displacements/PKO, N,, and the average PKO energy, T, given respectively

by

-co

/ N,(T) K(T) dT

(20)

K(T) dT

and

T K(T) dT

_ . ( 2 1 )

K(T) dT

The quantity in the denominator of both equations (20) and (21) is the

total number of ppa/fluence.

2.7 CALCULATION OF EQUIVALENT DAMAGE ENERGY CUTOFF

It has been noted that, for many elements, an energy, E ,

exists such that the displacement damage per unit integrated flux above

E is almost independent of the neutron spectrum. In other words, the

quantity D , defined by
Ei
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£
f

D(E) dE

DE = ~ ^ ' <22>

dE

is insensitive to any reasonable fission reactor spectrum for a certain

E = E This energy is known as the equivalent damage energy cutoff.

Traditionally, the quantity used to express the 'otal damage rate of a

neutron spectrum is the total neutron dose greater than E .

Although this means of correlation is gradually being phased

out, the computation is contained in RICE. No effort was made to remove

it in DISPKAN.

3. PROGRAM DESCRIPTION

(3)

DISPKAN is an extension of the RICE code developed by Jenkins

at ORNL. DISPKAN consists of ^ 3 000 source cards subdivided into 39

subroutines. The plotting is done using the package SIMPLT of AELIB in

the CDC system at CRNL. The storage requirement is ^ 240 000 B on the

CDC. No overlay structure is used. The program is written in Extended

F0R1RAN on the CDC system at CRNL.

Figure 1 shows the flow of the calculation. The program is

divided into two sections. In the first section (ISEC = 1), the program

reads and sorts the necessary data from the ENDF/B library for the

desired material. It then sets up the PKO energy mesh and calculates

the energy transfer matrix. Mainly for comparison purposes, this sec-

tion contains a built in Kinchin-Pease secondary displacement model

which generates displacement cross sections and analyzes them into

contributions from various reactions. The resulting energy transfer

matrix is then stored in logical tape 12, to be read in section 2.
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The main difference between RICE and DISPKAN in section 1 is

that, in the former, secondary energy distributions must be described by

a discrete energy loss operator for resolved levels (File 5, LF = 3).

In the latter, the option that such information be provided by File 3,

MT=4 is allowed. In addition, (n,2n) and (n,3n) data are read from File

3, MT=16 and 17 in DISPKAN. It should be noted that the energy transfer

matrix, K(I,J), thus calculated is written with neutron energy decreas-

ing with increasing I and recoil energy increasing with increasing J.

Also note that the matrix elements K(I,J) contain the recoil energy

group widths but not the neutron energy group widths. Thus, in terms of

the matrix, a quantity defined as

poo

X(E) = / 0 (Z) K(Z,T) Y(T) dT (23)
*/ s
o

becomes

200
X(I) = £ K(I,J) Y (J) , (24)

J=l

whereas another quantity defined as

U(T) = / O (E) K(E,T) V(E) dE (25)
•/ s
o

becomes

22
U(J> " — AT(J) • ( 2 6 )

In the above, the maximum and minimum PKO energies are first determined

by the program and the energy range is divided into 200 intervals, equal

on the log scale. AT(J) in equation (26) denotes the Jth interval.
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Section 2 of DISPKAN uses the energy transfer matrices gener-

ated in section 1 and the input neutron flux spectra to calculate the

displacement damage rate, and perform the PKO analysis. In this sec-

tion, two other important restrictions of RICE are relaxed in DISPKAN:

(i) In RICE, the input neutron spectra have to conform to the 99-

group GAM-II structure and the flux has to be given in flux per unit

lethargy. In DISPKAN, the number of groups is arbitrary, provided it is

less than 99. The flux can be given in flux per unit lethargy, or per

eV or given in terms of the total flux within the group.

(ii) The secondary displacement model in RICE in section 2 is

changed in DISPKAN in accordance with the IAEA recommendation as men-

tioned in the previous section.

The logical tape assignment in DISPKAN is essentially the same

as that in RICE except for the additional tape 13, when information from

File 3 of the ENDF/B is required. Table 1 shows how these are assigned.

Logical tapes 11 and 20 are temporary storage units and can utilize the

same physical disk unit.

In RICE, the plotting subroutines make use of system subrou-

tines supplied by CALCOMP with the plotting device at ORNL. We have

deleted those and built into DISPKAN automatic histogram plotting of the

results of the PKO analysis, the input neutron spectra and the displace-

ment cross section. The plotting makes use of the SIMPLT package of

AELIB installed on the CDC system at CRNL.

4. INPUT DESCRIPTION

Prior to running DISPKAN, tape 10 for the ENDF/B library has

to be prepared. For zirconium, we found that there is an overlap in the
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energy ranges of the resolved and unresolved inelastic scattering cross

sections. Direct application of DISPKAN to the raw data in ENDF/B would

result in double counting the inelastic scattering cross sections in the

energy range from 1 to 3.5 NeV. This condition has bten corrected and

the resulting file is stored in the CDC system at CRNL at W613ENDFBZR,

ID=WOO.

In the following, we describe the input to DISPKAN. A sample

problem is given in Appendix B.

CARD

SET

FORMAT VARIABLE

NAME
DESCRIPTION

3A10

1514

6E12.5

14

FTITLE Identification for the run. It must be less
than 38 letters and must be ended with * ) .
E.g., FISSION SPECTRUM*)

NGROUP Number of groups into which the neutron
energy is divided. NGROUP<100

INF3 Indicator denoting where the information for
the secondary energy distribution of the
resolved inelastic scattering may be obtained:
0= from File 5, MT=4 in the ENDF/B (n,2n) and
(n,3n) reactions will be neglected
1= from File 3, MT=51-90. (n,?.n) and (n,3n)
will be taken into account

KINDFL Indicator denoting the unit of the input

neutron flux spectrum
0 = flux in n/(m^-s) per unit lethargy
1 = flux in n/(m2-s-eV)
2 = flux given by total flux inside the group

IPNPLT 0 = no punch output for plotting
1 = punch output for plotting

EG(I), NG+1 group boundaries arranged from high to
I=1,NG+1 low energies

ISEC 0 = end of calculation, call EXIT

1 = execute section 1
2 = execute section 2

Note: Card sets 5 and 6 follow if ISEC = 1, otherwise go to card set 8.
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CARD
SET

FORMAT VARIABLE
NAME

DESCRIPTION

814 MATNO Identification number of desired element on
ENDF/B tape, e.g., Zircaloy-2 is 1284

IDTAP Identification number of the ENDF/B tape.
(An incorrect ID will result in an error
message but will not hinder execution)

MODE Mode of the ENDF/B tape
1 = binary tape
2 = BCD tape

IPIC 1 = calculate elastic, inelastic and partial
inelastic damage cross sections and energy
exchange matrix
2 = calculate damage cross sections but not
energy exchange matrix
3 = read elastic damage cross section from
cards, calculate inelastic damage cross sec-
tion only
4 = calculate elastic damage cross section
and elastic scattering energy exchange ma-
trix only (options 2 and 3 will not gener-
ally be used and were included in the pro-
gram for debugging purposes). Option 4 is
used if no inelastic scattering data is
present on ENDF/B

IRAS 0 = get smooth elastic scattering cross sec-
tion from ENDF/B tape (for non-resonance
cases)
1 = get smooth elastic scattering cross sec-
tion from logical 9. This option is re-
quired if resonance scattering becomes im-
portant. A SUPERTOG calculation to generate
logical 9 must have been run previously (see
Appendix A)

IWRIT 0 = minimum output
1 = maximum output (recommended)

IPUNCH 0 = no action
>1 = punch total damage cross section by
group (6E12.5)
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CARD
SET

FORMAT VARIABLE
NAME

DESCRIPTION

IREC 0 = do not record the energy exchange matrix
on logical 12
N = make the energy exchange matrix the Nth
entry on logical 12

6 6E12.5 DSEL(I), Elastic damage cross section (included only

1=1,NG if IPIC=3)

Note: This concludes the input for section 1.

7 14 ISEC Cf. card set 4

8 2014 NTAP 0 = no effect
n = process N energy exchange matrices from
logical 12

NDAM 0 = no effect
M = read M sets of change cross sections
from cards

Note: NTAP + NDAM must be <20

NFLUX 0 = no effect
K = read K sets of fluxes from cards, K >20

IPUNCH 0 = no effect
1 = punch damage cross sections calculated
from the NTAP matrices (6Z12.5)
2 = punch PKO spectra
3 = both 1 and 2 above

IPLOT 0 = no effect
1 = plots of the PKO analysis, input spectra
and damage cross section will be provided

NREC(l), ID numbers of the NTAP matrices to be selected
1=1,N from logical 12 (in increasing order)

9 6E12.5 EXPRAM NTAP sets of six parameters which are trans-
(I,J), ferred to subroutine Model 1 for use in coro-
J=l,6 puting the secondary displacement model. At

present, the model used is according to the
IAEA recommendation (see previous section)
EXPRAM(1,1) = PKO atomic number,
EXPRAM (1,2) = PKO atomic weight. EXPRAM
(1,3) through (1,6) are not used
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CARD
SET

FORMAT VARIABLE

NAME

DESCRIPTION

10 6E12.5 IDAM(I,J), NDAM sets of damage cross sections (dpa per
J=l, NG unit flux x 102 ) , NG points per set. Each

set begins with a new card. This set is
there only when IPIC-3 in card set 4

11 6E12.5 (PHI(I,J), NFLUX sets of input fluxes. NG points per
J=l, NG) set. Each set begins on a new card. 3

options of units (cf. KINFL in card set 1)

This concludes section 2 input; next input is c;;rd set 3.

To end the program, read in ISEC=O.

In Appendix B, all the JCL and data input for a typical case will be given.

Note that displacement threshold energy E is defined in a data statement
in the main program in DISPKAN.

5. OUTPUT DESCRIPTION

We consider the case of maximum output (IWRIT=1) only. In

this case, the printed output from RICE will consist of

(1) A list of ENDF/B data used in the calculation. This includes:

a) A general description of the source of the data.

b) (INF3=1 only) a list of the energy differential cross sections

created from information from File 3, MT=16,17,51-90 in the

format of data in File 5, MT=4.

c) The smooth elastic cross section.

d) The smooth inelastic cross section.

e) The Legendre Coefficients for elastic scattering.

f) The secondary energy distribution data for inelastic, (n,2n)

and (n,3n) reactions.
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(2) The energy mesh for the PKO spectra: 201 energy boundaries in units

of eV.

(3) Displacement cross sections using the Kinchin-Pease model.

This includes :

a) The secondary displacement model according to Kinchin and

Pease, given in the format:

upper group boundary (in eV), average displacement/PKO in the

group, and repeat.

b) The total displacement cross section, analyzed into elastic

and inelastic components for each neutron group 1 to NG,

c) The contribution to the (n,2n),(n,3n) and the inelastic compo-

nent of the displacement cross section from scattering occur-

ring at K different levels. This information is given in the

form of a matrix with NG rows and K + 1 (or K+2 if (n,3n) data

is present) columns. The first column(s) represents the (n,2n)

[(n,3n)] contributions.

(4) The energy transfer kernel, K(I,J). This is given for the 200

energy groups of the PKO energy mesh for each neutron energy group.

This ends output from section 1.

(5) The output of section 2 starts by printing out the input neutron

flux and the corresponding lower group boundary.

(6) The displacement calculation according to the NRT model recommended

bv IAEA. This includes :

a) A print out of the function N ^ T ) vs. T.
a

b) The PKO spectrum K(T) in ppa/eV for various input fluxes and

elements.

c) The fraction of PKO, F(T), with recoil energy above T for

various fluxes and elements.

d) The fraction of displacement, F, (T), generated by PKO's of

energy abovo T.
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e) The fraction of displacements/eV, D (T), generated by PKO's
s

having an energy between T and T+dT.

(7) The displacement cross section, D(E)

(8) The total fluxes obtained from integrating the input spectra.

(9) The damage rates in units of 10 dpa/s caused by the total fluxes

calculated in 8. In cases when the input flux is in arbitrary

units, this result would not be useful. The damage rate is then

obtained by multiplying D obtained in (10) by the flux.

(10) The spectral average, D, of the damage cross section in units

of 10" 2 A dp

rocal of D.

-24
of 10 dpa/flux. The equivalance fluence per dpa is the recip-

-24
(11) a) The PKO production rate in 10 ppa/unit flux.

b) The averaged number of displacements/PKO, N,.

c) The average PKO energy, T,

(12) The calculation of cutoff energy for equivalent damage. This ends

the printed output of section 2.

In the case when IPNPLT=1, the PKO mesh, N (T), K(T), F(T),

F, (T), D (T), the input flux and D(E) are also punched out. This can be

used as input to plotting routines written by the user when circum-

stances have forbidden the use of the SIMPLT package of CRNL.

In the case when IPLOT=1, the above quantities are plotted in

histogram format. For the sake of easy visual interpretation, plots of

the input spectrum, the PKO spectrum and the displacement spectrum are

given in flux/unit lethargy, ppa/unit lethargy and displacement/unit

lethargy respectively. The lethargy, u, is related to the energy, E, by

the relation u = In E(eV). The reason for using this rather obscure
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unit, instead of the energy, in plotting the various spectra, is because

we have used a logarithmic scale for the energy axis, which is necessary

due to the large energy range involved. Such an energy scale tends to

overemphasize regions of low energy on the one hand, and de-emphasize

regions of high energy on the other. Thus, the range between one eV

and two eV occupies the same proportion in a spectrum, measured per unit

energy , as the range between one MeV and two MaV. A direct comparison

between two similar spectra will give equal weights to both regions

while, in reality, similarities or differences in the larger energy

range are undoubtedly much more important. For this reason, direct

comparison is easy only if a transformation is made so that equal physi-

cal areas under the curve represent equal probabilities. This trans-

formation results in a spectrum measured in lethargy units. According

to this transformation, if I(E) is the spectrum measured in terms of

unit energy, then E-I(E) is the corresponding spectrum measured in terms

of unit lethargy.

6. RESULTS AND DISCUSSIONS

Most direct experimental measurement of effects due to irradi-

ation damage of reactor components (e.g., creep and growth of pressure

tubes) is done in research reactors and prototype reactors. To obtain

sufficient data, complementary experiments are conducted concurrently in

several of these facilities, each having an individual neutron flux

spectrum. Most of these reactor facilities offer a thermal flux spec-

trum but occasionally radiation from fast reactors or other intense

neutron sources is undertaken to achieve high neutron doses in reason-

able times. These experiments cover a wide range of neutron flux spec-

tra. If the data are to be compared and then related to operating or

planned power reactors, they have to be analyzed using radiation damage

parameters which take into account differences in flux spectra. Such

parameters have been defined in this report and methods presented for
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their calculation. We proceed now to examine the effects of specific

reactor flux spectra and discuss the resulting information.

In thermal reactors, the neutrons generated by the fission

process, which has an energy distribution peaking at about 1,5 MeV, (see

Figure 8a) are deliberately slowed down by the moderator to thermal

energies of about 0.04 eV. The resulting energy spectrum is distinctly

bimodal, with approximately equal fluxes for both the thermal and fast

neutrons. Irradiation damage effects in thermal reactors are essen-

tially due to the fast neutrons and their energy distribution peaks at

about 1 MeV. In fast reactors the neutron energy distribution is much

broader, with a single maximum near 0.1 MeV. The proportion of thermal

neutrons in a fast reactor flux is negligible.

To illustrate the spectral dependency, and to understand its

effect on the displacement damage in zirconium irradiated by typical

neutron sources, we performed the displacement and PKO analyses on six

neutron spectra, including two from thermal reactors of the CANDU type

and two from fast breeder reactors. The six spectra are as follows:

1. The fast flux (E > 0.1 MeV) at the center of a driver fuel bundle

in WR-1, an experimental thermal reactor of the heavy-water-moder-

ated type at the Whiteshell Nuclear Research Establishment (Figure

4a).

2. The fast flux (E > 0.1 MeV) at the MkX creep-measuring facility in

NRU, an experimental thermal reactor of the heavy-water-moderated

type at the Chalk River Nuclear Laboratory (Figure 5a).

3. The entire flux at pitch #39, h = 0 of the Dounreay Fast Reactor

(DFR) in the United Kingdom (Figure 6a).

4. The entire flux at HC4 of the Experimental Breeder Reactor-II

(EBRII) at the National Reactor Testing Station in the United

States of America (Figure 7a).
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5. The fast flux (E > 0.1 MeV) generated by the high energy proton

facility at Los Alamos Meson Physics Facility (LAMPF) using a cop-

per target (Figure 8a).

6. The fission spectrum (Figure 9a).

In Table 2, we list the average damage cross sections measured
*

in dps/fluence , the fluence equivalence to 1 dpa, the average PKO

energy, the average displacement per PKO and the number of PKO's per

atom of the target per unit fluence. These results show a distinct

spectral dependence of the displacement damage. Thus, for example, the

same fluence of the fast flux (E > 0.1 MeV) from the thermal reactors

generates almost twice as many displacements as the neutrons from the

fast breeder reactors. The PKO's in the former case are, on the aver-

age, almost twice as energetic as those in the latter case. They pro-

duce cascades containing, on the average, twice as many Frenkel pairs as

the latter because fast neutrons from a thermal reactor have higher

energies than an average neutron in a fast reactor. Thus, even though

the neutron flux in a fast reactqr is, say, 100 times higher than that

in a thermal reactor, the Frenkel pair production rate would be only

about 50 times higher. In addition, the larger cascades may have a

qualitative effect on the damage structure, but this aspect is beyond

the scope of this report.

From Table 2, it is also interesting to see that the PKO's and

displacements from the LAMPF spectra mare closely resemble those from

the thermal reactors than from the fast reactors. This is more obvious

when the corresponding PKO and displacement spectra are compared. The

reason for this becomes clear when the neutron spectra for the three

types of neucron irradiation are compared (e.g., see Figures 4a, 6a,

The damage rate, in dpa/s, is obtained by multiplying the experi-
mentally measured flux by this quantity. It should be noted that
the flux here refers to that within the same energy limits as the
input spectrum.
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8a). The fast spectra of the thermal reactors contain a high proportion

of neutrons (about 50%) with energies above 1 MeV. Thus, to simulate

the effects of these fast neutrons the neutron source used should have

a similar proportion. The proportion of neutrons with energies above

1 MeV in the LAMPF spectrum is about 30%, while the corresponding pro-

portion in the fast breeders is about 10%. This suggests that LAMPF is

probably a more suitable neutron source than the fast breeders for

simulating irradiation damage effects on zirconium in thermal reactors.

The average displacement/PKO given in Table 2 is proportional

to the energy transferred to the zirconium lattice per neutron scat-
(12)

tered. The latter quantity was calculated by Piercy for the fission

spectrum and the NRU Mark X creep spectrum. The ratio of his results

for the two spectra is 1.48, which compares favourably with our 1.45.

The difference reflects the more accurate treatment adopted here.

Comparison of the damage cross section calculated using

DISPKAN with that calculated by Doran and Graves shows almost com-

plete agreement for neutron energies lower than 10 MeV. There is a

difference of about 5% at 15 MeV. At higher energies the difference

increases. This difference is a consequence of the different model used

for the (n,2n) reaction. Since, for most neutron irradiating facilities

the proportion of neutrons with energies above 15 MeV is quite small, a

large error is unlikely.

We have also compared the present results with those where the

(n,2n) reaction was neglected and the results are almost identical.

Thus, the error involved in using a one-neutron model for the (n,2n) is

acceptable in the present kind of calculation.

The detailed results of the displacement and PKO spectra, the

proportion of PKO's above a certain energy and the proportion of dis-

placements generated by PKO's above a certain energy are given in six

sets of figures (Figures 4 to 9). Each set contains five figures and
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the captions are self-explanatory. Figire a of each set plots the input

spectrum in lethargy units, irrespective of the option used for the

input. The Figure b's give the PKO energy spectra also in lethargy

units, so that proper weights are given to each group for ease of com-

parison. The Figure c's give the fraction of PKO's above a certain

energy X. In conjunction with Figure 10 where the number of atomic

displacements at the PKO energy T is given, the Figure c's give the

fraction of cascades above a certain size. From these two plots, the

cascade size distribution can easily be determined. In view of the fact

that the number of free defects that can survive a cascade is a function

of the PKO energy, the Figure d's and e's analyze the fraction of dis-

placements per atom (dpa) caused by PKO's of different energies. The

Figure d's give the displacement spectra and the Figure e's give the

proportion of displacements generated by PKO's above a certain energy.

Comparisons of these results show remarkable similarity in the

PKO's and displacements between the two thermal reactors, and also be-

tween the two fast reactors. Therefore, information generated in one

thermal reactor may be used with some confidence in the design of

another thermal reactor, provided differences in the operating temper-

atures, pressures and metallurgical conditions have been accounted for.

Comparison of the PKO energy distributions shows that, for

thermal reactors, 34% of the PKO's have energies above 10 keV (corre-

sponding to cascades above "v 150 displacements). The corresponding

proportion for the LAMPF spectrum is 27%, while that for the fast

reactors is 21%. Comparison of the distributions of the displacements

reveals that, for the thermal reactors, 78% of the displacements are

generated by PKO's of energy higher than 10 keV. The corresponding pro-

portions for the LAMPF spectrum and the fast breeder spectra are, re-

spectively, 69% and 61%.
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The present calculation reveals that considerable spectral

dependence on the nature of the displacement damage in zirconium exists.

How such spectral dependence translates in terms of the actual macro-

scopic effects remains to be investigated and a comparison of effects

such as creep and growth in zirconium specimens irradiated in LAHPF and

the fast breeder reactors to the same dose might prove interesting.

7. SUMMARY AND CONCLUSIONS

The program RICE written at ORNL for the calculation of the

initial atomic displacements due to neutron irradiation has been gener-

alized and extended into the program DISPKAN. Additional options in

DISPKAN include:

1. Capacity to take into account the effects of the (n,2n), (,n,3n)

interactions.

2. Capacity to generate resolved inelastic neutron scattering (n,n')

cross sections from File 3, MT=51-90 of the ENDF/B files, instead

of having to obtain these data directly from File 5, MT=4.

3. Capacity to accept data in arbitrary number ( < 100) of neutron

energy groups in energy of lethargy units and as total flux per

group instead of the restrictive GAM-II group structure.

4. Capacity to perform additional PKO analyses and generate informa-

tion on a) the displacement spectrum, b) the fraction of PKO's with

energy above T. c) the fraction of displacements produced by PKO's

with energy above T, d) the average PKO energy, e) the average

number displacements produced per PKO, f) the total number of PKO's

produced.

The input and output formats of the program are explained. To illus-

trate the. spectral dependence of, and to understand its effects on, the
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displacement damage in zirconium irradiated by typical neutron sources

in common use, DISPKAN was run for six neutron spectra. The following

conclusions can be stated:

1. There is a distinct spectral dependence of the displacement damage

among four types of irradiation sources: the thermal reactors, the

fast breeder reactors, the LAMPF and the fission spectrum.

2. The spectral dependence of the displacement damage between the two

thermal reactors is negligible. The same is true for the two fast

breeder reactors.

3. The LAMPF may simulate the thermal reactors more accurately than

the fast breeder reactors.
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TABLE 1

LOGICAL TAPE ASSIGNMENT IN DISPKAN

TAPE
NO

5

6

7

9

10

11

12

13

20

ASSIGNMENT

Standard Input

Standard Output (print)

Standard Output (punch)

Smooth elastic cross section
input from SUPERTOG

ENDF/B Library

Temporary storage (disk recommended)

Energy transfer matrix storage

Temporary storage for information
on File 3

Plot routines temporary storage



TABLE 2

AN ANALYSIS OF THE ATOMIC DISPLACEMENTS AND PRIMARY-KNOCK-ON'S IN

ZIRCONIUM DUE TO NEUTRON BOMBARDMENT FROM 6 DIFFERENT SPECTRA

Average damage cross
section dpa/fluence*

Fluence equivalence
to 1 dpa (n/nr)

Average PKO energy
(keV)

Average disp/PKO

No. of PKO/fluence
(ppa/m )

WR-1 (DRIVER
FUEL BUNDLE
CENTER)

(E>0.1MeV)

0.616xl0~25

1.62xlO25

11.9

87.6

7xlO-28

MkX NRU
CREEP

SPECTRUM
(E>0.lMeV)

0.642xlO"25

1.56xlO25

12.9

94.1

6.8xlO~28

DOUNREAY
# 39 h=0

0.35xl0"25

2.86xlO25

6.9

52.5

6.7xlO~28

EBR II
HC4

0.344xl0"25

2.90xl025

6.28

47.8

7.2xlO~28

LAMPF
(15 cm Cu)
(E>0.1MeV)

0.556xl0"25

1.8xlO25

9.43

69.8

9ft
7.97x10

FISSION
SPECTRUM
(E>0.1MeV)

0.774xl0~25

1.29xlO25

18.95

136

5.7xlO"28

I

* 2
fluence is in n/m



Read Control Parameters

Read and Organic Data
from ENDF/B

ISEC=1

SPEC: Sets up mesh for PKO
Spectrum

MODEL: Calculate Nd(T)
according to Kinchin-Pease
model

Calculate energy transfer
matrix and displacement cross
section due to inelastic and
(n,2n) reaction

ELSPEC: Calculate energy transfer matrix
and displacement cross section due to
elastic scattering

MERGE: Writes energy transfer matrix on
tape 12

Read control parameters

Read secondary displacement
model parameters, input neutron
spectrum etc.

KREAD: read energy transfer matrix
from tape 12

MODEL 1: calculate Nd(T) according
to the NRT model

Calculate total damage cross section

SPCAL: Perform PKO analysis

Calculates equivalent energy cutoff

FIGURE 1: Calculational Flow for DISPKAN
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APPENDIX A

SUPERTOG

SUPERTOG is a code developed by Oak Ridge National Laboratory

in cooperation with Westinghousb . It is used to generate the fine
i

group constants and Pn scattering matrices from ENDF/B. It calculates

the scattering cross sections ojf various reactions according to the input

group structure. It also generates a scratch tape on logical tape 12

which contains the total elastic scattering cross sections, smooth plus

resonance. If the basic ENDF/BJ data contains resonance parameters, this

must be used to supply the elas

to DISPKAN, since DISPKAN canno

tic scattering cross section information

t generate cross sections from resonance

parameters. Therefore, before punning DISPKAN for a new material, it is

advisable to examine the cross Sections and information generated by

SUPERTOG. !

For this reason, we hive converted an IBM FORTRAN version of

SUPERTOG to CDC FORTRAN and installed it on the CDC at CRNL. Because of

the huge storage requirements o:c SUPERTOG - consisting of ^ 11 000 source

cards divided into 103 subroutines - it was restructured and modified to

permit the use of an overlay system as shown in Figure 2, With this

modification, the program now requires only 230 000B of storage on the

CDC.

Input Description

CARD

SET
FORMAT NAME DESCRIPTION

(415.4E10.0) INALL 0 = only card number 1 is read

1 = all input cards are read

MATNO ENDF/B tape material number
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CARD
SET

FORMAT NAME DESCRIPTION

(915)

LORDER Order of P-N for elastic scattering

IREW 0 = no effect
1 = ENDF/B is rewound

SIGP Non-resonance isotope potential scatter-
ing cross section per absorber atom, i.e.,

SIGP = (^/N)-4TTR 2,

where Ep is the mixture macroscopic :
potential cross section, N is the reso-
nance isotope number density, and 4TTR2
is the resonance isotope potential
scattering.

AJIN Input of J for unresolved resonance
calculation

RFACT r-factor (for GAM update)

SFACT s-factor (for GAM update)

IDTAP ENDF/B tape identification number

MODE 1 = ENDF/B is a binary tape

2 = ENDF/B is a BCD tape

MCODE 1 = multigroup code is GAM-I
2 = multigroup code is GAM-II

MAXG number of multigroups

IEU 1 = GAM-1 68-group structure
2 = GAM-II 99-group structure
3 = input energy group structure

4 = input lethargy group structure
5 = MUFT 54-group structure

IW 1 = weighting function is 1/E

2 = weighting function is 1.0
3 = weighting function is input
4 = weighting function is 1/E joined to

a fission spectrum
5 = exact 1/E

ISPEC 0 = cross section averaging calculation
1 = spectrum calculation
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CARD
SET

FORMAT NAME DESCRIPTION

4

4.1

4.2

515

1RES

IPUN

LINK1

LINK2

LINK3

LINK4

LINK5

Necessary only when IW=3

44X.2I11

6111

Nl

N2

NBT(l)

JNT(l)

NBT(2)

JNT(2)

Option for resolved resonance data
0 = only the low energy resolved reso-

nance data is added to the smooth
cross section

1 = all resolved resonance data is added
to the smooth cross section as
infinite dilution cross section

0 = no punch output
1 = punched output in the GAM format
2 = punched output in the ANISN format
3 = punched output in the GAM and ANISN

formats

0 = no
1 = yes

0 = no
1 = yes

0 =
1 =

0 =
1 =

0 =
1 =

no
y e s

no
y e s

no
y e s

Resonance calculation

Smooth cross section

Elastic scattering

Inelastic scattering

(n,2n) scattering

Number of interpolation ranges

Number of weighing function points

Last point number in first interpolation
range

Interpolation scheme for first range (cf.
réf. )

Last point number in second interpolation
range

Interpolation scheme for second range
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CARD
SET

FORMAT NAME DESCRIPTION

4.3

5.1

GE11.4

NBT(,N1)

JNT(Nl)

BLOK3(1)

Last point number in interpolation

Interpolation scheme for the N-j^ range

First energy point (< lowest energy in
group structure)

BLOK4(1) Weight at this energy

BL0K3(N2) Last energy point (._ highest energy in
group structure)

BLOK4(N2) Weight at this energy

This card set is necessary when IEU=3 or 4. The set describes the
desirable group structure. If IEU=3, the set is the energy break-
points of the structure given from low to high energy. If IEU=4,
the set is the lethargy breakpoints of the structure given from
high to low in lethargy.

(6E11.4) XX(1) Group breakpoint number 1

XX(2) Group breakpoint number 2

XX(MAXG+1) Group breakpoint number MAXG+1

Note XX is EGRP if IEU=3, and is UGRP if IEU=4.

H'



- 72 -

EXAMPLE

In the following we give an example of a typical run of SUPERTOG
for zirconium. The JCL is appropriate to the CDC system at CRNL.

Job name, Account number, CM230000B, T150
ATTACH (TAPE11, W613ENDFBZR, ID-W00)
ATTACH (A, W611SUPERLG0, ID=W00)
LOAD(A)
EXECUTE(MAIN,PL=10000)
CATAL0G (TAPE12, file identification)

\
1 1284

411
1

41400E
912OOE
13500E

2
1
00
04
07

0
2
1
.50400E
.40900E
.22300E

1
15
0
01
05
07

l.OE 08
3
0

.373OOE

.11100E

.36800E

5

02
06
07

0.0
0 1

.27500E

.30200E

.10000E

0.

03
06
08

0
0

.12300E

.49800E
04
06

.33600E

.82100E
04
06

In this particular run, the ENDF/B data for zirconium has been
copied on disk. For other cases, the appropriate tape containing the
ENDF/B of the material under consideration has to be attached instead of
the second card. The group structure in this particular example is
by the user in energy units.



A Sample Run of DISPKAN

In this Appendix we describe the input data for a typical run

of DISPKAN for zirconium. The JCL is appropriate to the CDC system at

CRNL.

JOB name, Account number, CM24OOOOB, T100.

ATTACH (TAPE9, file name and ID of the file containing output from SUPERTOG)
ATTACH (TAPE 10, W613ENDFBZR, ID=W00)
ATTACH (A, W613DISPLG0, ID=W00)
LOAD(A)
EXECUTE (MAIN, PL=10000)
78
9

EBR2*)
11 1
0.11000E
0.50000E

1
1284 411

O
£.

1 0
40.

0.2300ÛE
0.58000E

0
6,

1
08
07

2

1
00
01
02

0
0.10000E
0.40000E

1 1

0 1
90.436

0.35000E
0.10000E

08
07

1

1

01
03

0.90000E
0.30000E

0 1

0.65000E
0.17000E

07
07

01
03

0.80000E
0.20000E

0.14000E
0.27000E

07
07

02
03

0.70000E
0.10000E

0.24000E
0.25100E

07
07

02
03

0
0

0

.60000E

.10000E

.40000E

07
01

02

3a
-a
-o
m

O
i—i
x
CXI
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