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RESENDD is a computer program to calculate resonance cross sections
from evaluated resonance parameters in the ENDF,/B format. This program
was improved from RESEND by modifying the multi-level Breit-Wigner for-
mula, adding a function of Doppler broadening, and so on. This report

explains functions of RESENDD and describes input data. Some examples

are also given.
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1. Introduction

Tn the ENDF/B format!'®, evaluated neutron cross sections in a
resonance region are stored as a set of resonance parameters and so
called background eross sections. This method is very effective to
reduce a size of evaluated data files. On the other hand, a computer
program is needed to reconstruct cross sections in the whole neutron
energy region., For this purpose, the program RESENDY  was made by
Ozer. We introduced RESEND from BNL and used it for reconstruction of
resonance cross sections and for evaluation work of the Japanese Eval-
uated Nuclear Data Library (JENDL). However, it was found that RESEND
had the following inconvenience;

(1) It takes a long CPU time in treating the multi-level Breit-

Wigner formula.

(2) RESEND cannot treat the Reich-Moore formula.

(31 RESEND reconstructs cross sections only at zero Kelvin.

In addition to them, some minor errors were found. Therefore the modif-
ication of RESEND was made, and finally the program RESENDD was
developed.

The work of RESENDD is separated into two steps, that is, 1) calcu-
lation of zero-Kelvin cross sections and 2) calculation of the Doppler
broadened cross sections. In the first step, RESENDD has the following
new functions.

{1 Both ENDF}B—IV and ENDF/B-V formats are available for an input

file.

(27 Calculation method of the multi-level Breit-Wigner formula was

improved not to take a long CPU time and to permit J-unknown



JAERI-M 84-—192

resonances.

{3) An energy de?endent scattering radius can be treated.

‘{4 Resonance parameters for the Reich-Moore formula can be pro-

cessed,

{5) Modification of energy selection method was made.

(6) Option for interpolation in the unresclved resonance region was

introduced.

7y Distant resonances can be treated approximately.

The cross sections calculated from resonance parameters are tentatively
stored in a scratch disk, and then they are combined with the background
cross sections and connected to cross sections outside of the resonance
region. Cross sections thus obtained are the total, elastic scattering,
fission and radiative capture cross sections. If the nonelastic, (n.f)
(first chance fission), and/or neutron disappearance cross sections are
given in an input file, the resonance contributions are also added to
them. This first step will be described in Chapter 2.

If the Doppler broadening is required, broadened cross sections are
calculated in the second step. by means of numerical treatment of the
broadening equation. This method is almost similar to that used in the
program SIGMA1Y made by Cullen. The Doppler broadening is performed by
using pointwise data obtained in the first step or those in an input
file.. Therefore the broadening is carried out independently of reso-
nance formulas. Chapter 3 describes the Doppler broadening process.

Finally Chapter 4 explains JCL of RESENDD in the JAERI computer

system. and input data. Some examples are also given in Chapter 4.
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2. Calculation of Cross Sections at Zero Kelvin

2.1 Resonance Formulas

A resonance region is separated into two subregions:. one is a
resolved resonance region and another is an unresolved resonance
region. In the ENDF/B-IV format!”, the following four formulas are
allowed in the resolved resonance region,

1) Single-level Breit-Wigner formula,

2% Multi-level Breit-Wigner formula.

3) Reich-Moore formula, and

4y Adler-Adler formula.
Among them, the Reich-Moore formula is not allowed in the ENDF/B-V
format? . On the other hand., only one formula is available in the unre-
solved resonance region, with a few methods of representation of average
resonance parameters. These formulas are precisely described in Refs. 1
and 2. RFSENDD also accepts almost the same formulas. A function which
calculates cross sections with the Reich-Moore formula was not included
in the original RESEND. In RESENDD, this function was added by refer-

ring to the ENDF/B format processing program RAMP1?

Multi-level Breit-Wigner formula used in RESENDD

As is well known, in the case where the single-level Breit-Wigner
formula is adopted, negative values often appear in the elastic scatter-
ing and the total cross sections. In order to avoid the negative cross
sections, resonance interference terms should be taken into account.

that is, the multi-level Breit-Wigner formula should be used. In the
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original RESEND, contributions from the interference terms are calcu-

lated as follows.

NR r—1i
_FL Ernrrns (E Er )(E E )"'r rs/4}
RR)] Z TR, PTl/4) (E-E. +T2/4) @1

However, the calculation of this takes a lot of CPU time and in the case
where J values of some resonances are unknown, this calculation cannot
he performed.

In RESENDD, the formula was modified to accept also resonances
whose J value is unknown, by applying a statistical way of distribution
of their contributions to possible J states. At the same time, the CPU
time for computation of the resonance interference terms was reduced
very much by changing the formula as follows. Derivation of Eq. (2.2)

will be shown in Appendix.

1) Elastic scattering cross section
NL NJ
G <E>:§Z 1402041 sin%o,+ 9 g [ (F1 2+ (F2)?/A+2sin2p xFyy
S 1

—(1-cos2p) )Fj2+Pyi (1-Py1 ) fo
Py (1-Pyy 3 (F3+£8/4F0)/ NRL-1)] }, @.2)
where

. EE)

Fi Z EE T4 + Pjift, 2.3)
FJZM% (E_E;”;ng/lt + Pjifz, 2.4)
fo:% E-E, 1H>22+ 1"5-/4 ’ | @.5)
£ IR 26

~ (E-F, Y+T5/4’
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and

NRL .
Tl )
. Y ) 2.7
RN e &

In the above equations, symbols used have the following meaning.

NL the number of f[-states.

NJ the number of J-states for a particular £-state.

NEL the number of {-state resonances whose J value is unknown.
NRJ | the number of fL-state resonanées whose J value is known.

A the neutron wave ﬁumber.

k=2. 108771 « 10*33ﬁ;%%x NEEY).

g = (2J+1)/2(2I+1), where I is the spin of a target nuclide.

=

an incident neutron energy in the laboratory system (eV).

£, the r-th resonance energy {(eV).
E,’ a shifted energy (eV) of the r-th resonance calculated as
follows,
s SUAEDSTEY
]:#' .'”E‘?‘+ Ejj! ( !E,‘ :) 'KI—I??'{|EF'1 ,)-
| the neutron width (eV) of the r-th resonance, calculated at

an incident energy of E (eV) as follows.

Py (£

rnr:mxrnr (|Erl I

vhere T, (|E,]) is the neutron width at the resonance energy

I7. and given in an input file.

sy the fission width (eV) of the r-th resonance.
Ty the radiative width (eV) of the r-th resonance.

T, the total width eV} of the r-th resonance.
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U= Ty + Ty + Tyrl
S| (F) a shift factor (see Table 1).
P, (E) a penetration factor {(see Table 2).
Pl a hard-sphere scattering phase shift (see Table 3).
AR weight of a target nuclide in the neutron mass unit.

neutron mass = 1.008665 u.

The sums in Fgs. (2.3) and (2.4) are carried out over rescnances wvhose J
value is known. and those in Egs. from (2.5) to (2.7} over resonances
whose J value is unknown. RESENDD considers that, if a given J value is
an impossible value from the combiration of £ and I values. the J value
of the resonance is unknown, Usually, the same J value as the spin of
target nuclide, I, should be adopted for those resonances. The quantity
of P;; in Egs. (2.2), (2.3) and (2.4, stands for an occurrence probabi-
lity of compound nucleus states with the total angular momentum of J in
the combination of the target spin I and orbital angular momentum £ of
incident neutrons. In RESENDD, by assuming that it is proportional to

(2J+11, P is calculated as

Py = Nney / ZNJL'E;Js 2.8
]

where N;; is the number of possible channel spins which generate the

same total angular momentum J.
If J values of all the resonances are known, Egs. (2.5), (2.6 and
(2.7) are zero, and Eq. (2.2) is essentially the same as the equations

given in Refs. 1 and 2.

23 Other cross sections

The fission and radiative capture cross sections are calculated



JAERI-M 84—-192

with the same equations as the single-level Breit-Wigner formula.

NLNJ SR

Tarl fr
N E\:iq nr qfr , . 29
s B b el Ty e

NLKJ AR

nAV S ' rnrr\/r
On s (E) ngLZJgJ; TR 2.10)

The total cross section is given as a sum of the elastic scattering,
figssion and radiative capture cross sections.

Otar ) = Gn,RGED + an’(ﬁ\l + O,y . Z.11)
Reich-Moore formula used in RESENDD

The Reich-Moore formula was tentatively modified a little to accept
J-unknown resonances. The scattering matrix in the Reich-Moore formula
is written as follows.

Up.c=exp (~ign=1¢: ) (2 ({(I-K) T nc8nel s @.12)

where n and ¢ stand for entrance and outgoing channels, and

iyl ]
N 1-'1/‘_1‘*1;; B
1 nr e {2 19

{1-K T 4010:1‘0_“2" - . o 1—-:”/_,»'2 . /

In RESENDD, by using the same quantity as Eq. (2.8), Eq. 2.13) is
replaced with Eg. {2.14).

- ,"2 /2 o 2 ] 2’
Ay Ve SR PR S & e @.14)

IKn = al sl 2 2 B E a2

where the first sum is for the resonances whose J value is known and the

second for J-unknown resonances.

2.2 Effective Scattering Radius
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Energy dependence of an effective scattering radius cannot be
treated in the ENDF/B format. In some cases, however, a resonance
region goes up to a few hundred veV. In such a wide energy region, it
is indicated from the optical model calculation that the effective scat-
tering radius depends on neutron energies. It was investigated by
Kikuchi® that if an energy dependent scattering radius was taken 1into
account, better fitting of calculated cross sections to experimental
data could be obtained in the case of nickel isotopes.

By introducing a modified format. RESENDD can treat energy depen-
dence of a scattéring radius. The new format is consistent with the
ENDF./B format in the case of an energy independent scattering radius.

According to the ENDF/B format, the general structure of resonance-
parameter data is in the following format., by using the same notation as

Refs. 1 and 2.

{ MAT, 2, 151/ ZA,AWR, 0, O.NIS, 0 ) HEAD

N

MAT. 2. 151,ZAI.ABN, O,LFW.,NER. 0 ) CONT(isotope)

{ MAT. 2, 1561/ EL, EH.LRU.LR*, 0. 0O ) CONT {energy range’
subsection for the first‘energy range of the first isctope

{ MAT, 2. 151/ EL, FH,LRU,IRF, 0, O ) CONT(energy range )

subgection for the second energy range of the first isotope

( MAT, 2, 151/ZAI.ABN, O,LFW.NER, O ) CONT {(isotope )

{ MAT, 2, 151/ EL, EH,LRU,LRF, 0, O ) CONT{energy range )
subsection for the first energy range of the NIS-th isotope

{ MAT, 2, 151/ EL, EH.LRU,LRF. O. 0 ) CONT (energy range)

subsection for the second energy range of the NIS-th 1sotope
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( MAT, 2,  0/0.0,0.0, 0, 0, 0., 0O ) SEND
The first record of each subsection is as follows;

{ MAT, 2, 151/SPI, AP, 0, O,NLS. 0O ) CONT

In order to represent the energy dependence of an effective scat-
tering radius, the CONT{(energy range) record and the first CONT record

of a subsection were modified as follows. The new flag. NRO, was intro-

duced in the CONT (energy range: record.

( MAT, 2, 151/ EL, EH,LRU,LRF,NRO, Q0 ) CONT (energy range)

NRO = O. the scattering radius is energy independent

Tn this case, the format is completely the same as the ENDE /B

format.

( MAT, 2, 151/ EL., EH,LRU.,LRF, 0O, O ) CONT {energy range)

( MAT, 2, 151,/SPTI, AP, ©, O.NLS. 0 ) CONT

NRO = 1. energy dependence of the scattering radius is given by

a polyrnomial function

{ MAT, 2, 151/ EL, EH,LRU,LRF, 1, 0 ) CONT (energy range)
( MAT, 2, 151,/0.0,0.0, 0, ONTM, O/

Pi. Pa, - - -
- - — ~, Pymy ) LIST

( MAT, 2, 151,/8P1,0.0, 0, O,NLS, O ) CONT
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NTM is the number of coefficients of the polynomial function. P;
is the coefficient of the i-th term. The effective scattering radius
R{E} in em ' at the neutron energy E(eV) is calculated as follows,

R(E) = Pi+PoE+ ... +PypgMMn

NRO = 2, energy dependence of the scattering radius_is given as

a TAB1 record

( MAT. 2. 151/ FL, FH.IRU,LRF, 2, © ; CONT({energy range)
{ MAT, 2, 151/0.0,0.0, ©C, 0, 1, NP/
NP,INT, O, 0, 0O, O/
Er, Ry, E2, Ry, — -
-~ Ew, Re ) TAB

( MAT, 2, 151/SP1,0.0, ©, O,NLS, O ) CONT

Tt should be noted that this modified format is only for JAERI

internal use and is not authorized in the ENDF./B format.

2.3 FEnergy Points and Accuracy of Calculated Curves

Cross sections are calculated at the energies automatically
selected from resonance energies and accuracy specified by input data
(see Section 4.2). At first, node energies are determined from reso-
nance energies and upper and lower boundaries of resonance regions. The
energy of 0.0253 eV is also included in the node energies if it is in
the resonance region. Furthermore, additional node energies are deter-

mined from resonance energies and total widths as
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E, = E, + 0.28868=T",
These energies are positions where the second derivative of the follow-

ing curve has a value of zero.

1
(E-F, W2+ /4"

fE) =

Then, an energy interval between successive two node energies is subdiv-
ided into very{fine energy meshes in the following manner (so-called
energy halving technique}:

/1) Cross sections at two node energies, [f; and [;., are calculated.
{2y Cross sections at the center of the two node energles are calcu-
lated.

(3) Cross sections at the center of the two node energies are estimated
from the cross sections calculated at the step (1), by applying a
linear-linear interpolation.

(4 Then, a test of the following inequality is done:

(Eo-o (E.) | ,
| g r(},];\ ¢/ ‘ < g, \215)

where .=, +FK; /2, o' (F.) is the interpolated value at k. from

oE,y and o(F;3. o{fi.) 1is the cross section calculated from reso-
nance parameters, and £ is an allowable error (accuracy given by input
data, see Section 4.2).

(5 If the tests of the inequalities (2.15) for the total, elastic scat-
tering, fission and radiative capture cross sections are satisfied at
k., it is assumed that the energy interval of [; and E,,+ 1is small
enough to obtain cross sections at any energies in this energy interval
by linear interpolation within the accuracy of «. The calculated cross
sections at [. are abandoned. and the same procedure is carried out in

the next energy interval from FE;.; to F;.2.
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(6) If not satisfied, E, is considered as a nevw node energy, and
inserted into the string of node energies.

E.  ==> K,

Eiy ==> Kz, and so on.
The calculated cross sections at FE. are stored as those at FE,.; and
the procedure from (2) to (6) is repeated until the test (4) is satis-
fied.

In RESENDD. the following special care is paid for determination of

[. {the center energy of FE; and I,.;}. In the ENDF/B format. floating
numbers such as neutron energies are written with accuracy of © digits.
Therefore the values of energies will be rounded to 6 digits when they
are written on an output file. In order to avoid differences between
energy values in a computer and those in an output file, energy values
are always rounded to the output accuracy before calculation of cross
sections. If rounded values of F. is the same as E; or E;,; the halving
technique cannot be continued any more. In such a case, Ea. 2.15) is
assumed to be satisfied.

Tn the keV region., energy resolution of the ENDF/B format is in the
order of meV. In order tb reproduce correct shape of very narrovw reso-
nances in the high energy region, a more accurate format is needed for
neutron energy values. For output of RESENDD, in addition to the
6 digit format, 7- and 9-digit formats are also available for neutron
energy values. One of these formats is selected by input data.

In RESENDD, another method of energy determination is available.

In the case of comparison of cross sections, it is convenient to calcu-
late cross sections at the same set of energy points. An energy-point
file can be specified for this purpose. The energy-point file must

contain the total cross section, in the ENDF/B format, whose energies
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are considered. as energies vhere the cross sections are calculated.

2.4 Approximation of Distant Resonances

CGenerally, contributions from distant resonances are very small.

To avoid consumption of CPU time for calculation of these small contri-
butions, RESENDD has the following option.

Tn an energy interval between two successive resonances, the
distant resonances are classified by a criterion of « given by input
data |see Sectioﬁ 4 2y, If the following inequality is satisfied, the
Lk-th resonance 1s considered as a distant resonance.

| B - (EiEn)s2 | > axTi 2.16)
where F). and [, are the resonance energy and total width of the k-th
resonance, F; and £;,; are the resonance energies of the i-th and i1+1-th
resonances. The contributions of distant resonances are calculated
exactly at E; and F;.;. Then the cross sections at E, vhere

£, < F < K, are estimated as follows:

E-E;
——e

sk 100 (E 1m0 () + o iy 2173
et Ty

agifiy = oV 4

where ¢' and o’ are contributions from near and distant rescnances,
respectively. This option is available only for the case of the single-
level Breit-Wigner formula.

T+ should be noted, however, that this option was introduced
several vears ago as an attempt to make CPU time shorter when the speed
of computers were slow. This option should be used only in the case

where small cross section 1s not 1mportant.

2.5 Interpolation in Unresolved Resonance Region
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On the interpolation defined in the unresolved resonance region,
there is confusion of interpreting its meaning. One considers that it
means interpolation of unresolved resonance parameters, and another that
it indicates interpolation of calculated cross sections. Refs. 1 and 2
say that the interpolation given in the unresolved resonance region 1s
for calculated cross sections. However, for some cases where number of
energies where parameters are given 1s too small, 1t seems to be better
that parameters are interpolated. RESENDD adopted both interpretations,

and one of them is selected by input data (see Section 4.2).

2 8 Lowest Value of Calculated Cross Sections

If the single-level Breit-Wigner formula is applied in the resolved
resonance region, negative values of the elastic scattering and total
cross sections often appear. Inlsuch cases. to avoid difficulty of
negative cross section handling. a lowest positive value can be set as
one of input data (see Section 4.2). When calculated cross sections are
written on an output file, they are compared with this value. If the

calculated cross section is smaller than this, the cross section 1s

replaced with the lowest value.

3. Calculation of Doppler Broadened Cross Sections

The Doppler broadened cross section. o(£.T). can be written in the

following form,

_-1 4_
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On the interpolation defined in the unresolved resonance region,
there is confusion of interpreting its meaning. One considers that it
means interpolation of unresolved resonance parameters, and ancther that
it indicates interpolation of calculated cross sections. Refs. 1 and 2
say that the interpclation given in the unresolved rescnance region 1s
for calculated cross sections. However, for some cases where number of
energies where parameters are given is too small. it seems to be better
that parameters are interpolated. ‘RESENDD adopted both interpretations,

and one of them is selected by input data (see Section 4.2}.
2 68 Lowest Value of Calculated Cross Sections

If the single-level Breit-Wigner formula is applied in the resolved
resonance region, negative values of the elastic scattering and total
cross sections of'ten appear. In‘such cases, to avoid difficulty of
negative cross section handling. a lowest positive value can be set as
one of input data (see Section 4.23. When calculated cross sections are
written on an output file, they are compared with this value. If the
caleulated cross section is smaller than this, the cross section is

replaced with the lowest value.

3. Calculation of Doppler Broadened Cross Sections

The Doppler broadened cross section, o(E,T), can be written in the

following form,

_-1 4i
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gc:‘L%:,T>:-~21f~?,\/c\-/nf dE WS g (B .0 x lexp [ ~a(W/E —&E )
» 0
—exp [~a(W/E +VE¥I}, | (3.1)

where T is temperature in Kelvin and
o = AWR/KT (the Doppler width constant),
= 11805.6x AR/ T eV ),
AWR is mass of target nuclide in the neutron mass unit, k is the
Boltzmann constant,
gt .0y 1s a cross section at £ {eV) and zero Kelvin.
In RESENDD, Eg. (3.1) is calculated directly with almost the same num-

erical integration method as that applied in STGMATY |
3.1 Numerical Integration

"Eq. (3.1) can be rewritten as follows:

o{y,?fr%77L—=jq o {r. 09 {exp [—(r—y}zj—-exp Ef(x+y)2] dedv, (3.2
ki Py ‘

We can use the cross sections calculated at 0 K as o{x;,0) and assume
that o(r,0) can be obtained by linear-linear interpolation of a given
cross section table, with accuracy of £ (see Section 2.3). Therefore
{1r.0% can be written as follows in the range from r; and x;.::

0,00 (= (0 -27 S (3.3)

where
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O("LHW3 O<11>
ll+1 11

8=

By using Fq. (3.3), Eq. (3.2) is rewritten as,
oy, Tr=o(u) -0 -u)", (3.4)

where

O(U>*::*”%ua£; o (x,0)exp [~(I—y)2]chg
T 1 .

Tyl 5
17z WZI - [olx o+ “( 1 W$ilexp [ —-{x-uy)° 27 dx.
I

1/2 Zf[ Y2y (0 S (zru)PSi) exp (<22 dz,

D Lo ) =S ) +BiSi) (3.5)
where
1 T, a a.

AfE-T?rﬁj‘ (z=+2yz+y- exp [—z°] dz, (3.8)

T ‘_y‘— iy
D U L NS N 0. S SO 29 ¢ 3.7
Bi=—7m— (Ztrayzt Byt z 4y Ty Jexp [-27) dz. (3.7

T Ve -y

Therefore if above A, and B; are calculated, o(y,T) is easily obtained.
We define the following two functions F, and H,:

(=)

"exp [-z%) dz, . _ (3.8)

=1
Fo ()=
(ay 2172

lal

th]
Hy {a,b )E!—/?f 2"exp {-z°) dz,
TE = |

‘.lﬂ

:Fn .‘r\u )'"Fn ”) ) . (89\}

By using a recurrence formula of F;:
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- 1 . at!
F, (a}ié [n-1F 2 lar—m 77EXP )
172

2}}

and an error function erf{a) and a complimentary error function erfc{a):

(1
. - el
erf aq)———%,f) exp [ -z dz,
22,

erf‘c(a.):%f exp [—“2] dz = 1-erfia),
T a

we can calculate F,{a} as follows:

I'e {a ):—12-erfc (el s,

Irp ()=

Dol—

(Fo (a)+—zexp (-a*1 ),
&

. 2 b2
oy {a)=512F, (c1}+~%{77exp (—a“] 1},
172

nol—

.3 4 . )
I {jt‘z):lZ{SFg s’\cz)+w_~_~€%ﬁexp [—a) ¢ . (3.10
£

Then the functions A; and B; are represented by means of H, as follows.

For x;, xi.s=u,

As=-LHs (a,b )+§H] (bt (a,b ), 3.11)
7
Bi=—5Hy (a,b >+%H3' (b B (@b +Aufly (a,b y+PHy (a.b), (3.12)

vhere a=x;-y and b=x;.i-V.

For x;. xjna=vy,
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A; :#Hg (b y%ﬁ, (@b YHy (@, b, (3.13)
ij%H4&Lb)f%Hg@Lb)+6Hf@Lb>—4yHl@Lb)+y%h(0;b)s (3.14)

where a=y-x;.1 and b=y-x;.
In RESENDD, the summation of Egq. (3.5) is carried out over the
range of x described below. For o(y;*, the range of x is as follows:
y-4<x<y+4, and O0<x, (3.15>

namely,
= 4 o 4 .
B2 W B < AfE s, and O<E’ .
PP Y

At the boundaries of x, exp [—(I—y)2] in the integration is 1.13x107
which is small enough. For o(-uy)*,
O<a<<4-y, {3.16)

namely,

Cnly o(y)", therefore, contributes to the Doppler broadened cross sec-

tion in the range of y=4. 1in other words E=16/u.
3.2 Data Handling in RESENDD

Cross sections to be Doppler broadened have to be given in a form
of energy vs. cross section and their interpolation scheme should be
linear-linear in order to apply the above mentioned technique. There-
fore if interpolation scheme of data is not linear-linear, it i1s changed
to linear-linear interpolation by adding some energies to represent the

original curve within accuracy of £. This method is very similar to the
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energy halving technique described in Section 2.3. In this case, an
energy E. in an energy interval from E; and E;.; is chosen as an energy
where the largest difference between the original curve and straight

line is occurred. The value of E. for each interpolation scheme is

calculated as follows:

For INT=3 {(linear-log).

<.E,

EC = (Ei_Ei+1 )/ln{Ei/Ei+I)! (317}
For INT=4 (log-linear),
- l G =054 yl v .
'r:r - B{ln(\]f;ErJr]\B’ A]" (318)
B = 1n(o,/0i0 2/ i ) A = 1In(oi )-BxEin,
For INT=5 {log-log),
~ 1 E2 (0;-0:1)
E. = exp{B*llnB(E{prq)Ui}’ for B<3.0, | (3.12)
- 1 O;=0i+1 1
- { =
e = expigigln (G g)
— [Ino;1nf;—1no1nk, i /1n{E; /E; )}, for Bz=3.0, 3.187)
}3 = ln {Of,’/oi+} }',/lllln (’E1J//E?$1 )3
Then, the following inequality is used in place of Eg. (2.153,
Lo Y ooy 3
| a (ftc a (Ep_/ l . (320>

" (Ee.)
where UL(E;} and ocﬂiz) are the cross sections interpolated with linear-
linear interpolation and with originally given interpolation, respec-
tively, and £ is accuracy which is assumed to be the same as the value
of ¢ in Eg. 2.15).

The Doppler broadening is performed only for the total. elastic

scattering, fission and capture cross sections, at all the energies

given in their cross section data. In order to avoid meaningless calcu-
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lation in higher energy regicn, an energy range where the broadening 1is

performed can be specified by input data (see Section 4.2).

4. Input Data
4.1 JCL for JAERI FACOM-M 380 Computer System

Tn JAFRI. RESENDD has been compiled by FORTRAN 77 compiler of
FACOM-M 380. The size of program is about 840 K bytes. An AUTCDOUBLE
option was applied to use the 7- and 9-digit formats described in Sec-
tion 2.3.

RESENDD needs five scratch files to tentatively store calculated
crosg sections or other gquantities in the binary form. Their data set
reference numbers are set by input data as will be described in the next
section.

For the convenience of users, a catalogued procedure was made to
set scrateh disks and load the program. By using this catalogued proce-
dure, the JCL cards are simplified as follows:

//JCLG JOB

// BEXEC JCLG

//SYSIN DD DATA,DLM="++"

A/OJUSER L e

OPTP

//+PROC=J2608. PROCLIB.CNTL

/7 EXEC RESENDD

// (DD cards for input and output files)

//8YSIN DD *

{input data)

++

DD cards for the five scratch files are automatically given by this
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lation in higher energy region, an energy range where the broadening 1s

performed can be specified by input data (see Section 4.2).

4. Input Data
4.1 JCL for JAERI FACOM-M 380 Computer System

Tn JAFRI. RESENDD has been compiled by FORTRAN 77 compiler of
FACOM-M 330. The size of program is about 840 K bytes. An AUTODOUBLE
option was applied to use the 7- and O-digit formats described in Sec-
tion 2.3.

RESENDD needs five scratch files to tentatively store calculated
cross sections or other quantities in the binary form. Their data set
reference numbers are set by input data as will be described in the next
section.

For the convenience of users. a catalogued procedure vas made Lo
set scratch disks and load the program. By using this catalogued proce-
dure, the JCL cards are simplified as follows:

//JCLG JOB

7/ EXEC JCLG

//SYSIN DD DATA,DLM="++"

/7 JUSER e

OPTP

//«PROC=J2608. PROCLIB.CNTL

/7 EXEC RESENDD

// (DD cards for input and output files)

//SYSIN DD o

{input data)

-+

DD cards for the five scratch files are automatically given by this
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catalogued procedure as the data set reference numbers from 85 to €9,

4.2 Input Data

Here. described are the input data which control a RESENDD job. A
free format was applied for the input data. Columns of 1 to 2. in a
card image, are used. Input data are classified into several kinds as

follows.

a) Job condition

The following parameters determine a RESENDD-job condition. They
are given in a form of 'parameter name = value’. As many pairs of input
data as needed can be entered on an input card or separate cards. A
value in parenthesis is a built-in value of the parameter. Once values
of parameters are entered, they are kept until new values are specified.

INF = (1) Data set reference number of an input file in the
ENDF /B format.

QUTF = (8) Data set reference number of an output file. In the
case of OUTF=8. output will be written on a line printer.

EINF = (0) Data set reference number of an energy-point specifi-
cation file. This file should consist of the total cross
section data with the MAT number of MATE whose energies are
used as energy points where the present calculation is per-
formed (see Section 2.3). If EINF=0, energies are determined
with the energy halving technigue.

FORM = (4) Format of an input file. FORM=4 and =5 are avalla-

ble. and they stand for the ENDF/B-IV and ENDF,/B-V format,

respectively.
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OFORM = (0) Format of an output file. OFORM=4 and =5 are availa-

MAT

MATO

MATE

ERR

ble like the parameter FORM. If CFORM is not specified or
OFORM=0, OFORM is assumed to be equivalent to FORM (format of
input data). The format of only the first two or three
records of MF=1, MI=451 is modified according to OFORM.

= (03 MAT number of input data.

(0) MAT number of output data. If MATO is zero or not

specified, the same MAT number as input data is used as MATO.
= (03 MAT number of energy-point data. In the case where
EINF is not zero, calculation is made at energy points of the
total cross section of MATE in the inpiut file of EINF. If
MATE is zero, the same MAT number as MAT is assumed.
= (0.01) Accuracy of calculation (¢ in Eq. (2.1D), see

Section 2.3},

DIGIT = (7) Format of energy values in an output file (see Sec-

OPT

POUT

tion 2.3).
DIGIT= 6 : Six-digit format.
DIGIT= 7 : Seven-digit format.
DIGIT= 9 ; Nine-digit format,.
= {0y Qutput optiomn.
OPT = O ; Only the total, elastic scattering, fission and
capture cross sections are written on an output file.
OPT = 1 : All cross sections given in an input file are writ-
ten.
OPT = 2 ; All data in an input file are written.
= (1) Print-out optieon for resonance parameters.

POUT = O : Resonarce parameters are not written on a line-

printer.
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POUT = 1 ; Resonance parameters are written on a line-printer.
APP = (0) Control of distant rescnances (see Section 2.4).
APP = 0 :; The approximation is not applied.
APP & O : The value of « in Eg. (2.18) is assumed to be equal
to APP. |
INTER = (1) Interpolation option for unresolved resonance region
(see Section 2.D).
INTER = O ; Unresolved resonance parameters are interpolated.
INTER = 1 ; Cross sections are interpolated.
LSIG = (-1.0) Option on negative cross sections (see Section
2.6).
ISIG = 0.0 : If calculated cross section is less than LSIG,
it is replaced with a given value as LSIG {(barns).
ISIC < 0.0 ; This replacement is not done.
PRINT = (1)} Print-out option for negative cross sections.
PRINT = O ; Even if negative cross sections are obtained, no
error message is written on a line-printer.
SRINT = 1 : If negative cross sections are obtained, error
message 1s written on a'linefprinter.
TEMP = (0.0) Temperature in Kelvin. If TEMP is greater than
0.0, the Doppler broadening is performed at this temperature.
E - (10°,20x10%)  An energy range of the Doppler broadening.
The lower and upper boundaries are given in the form of

E- E,Ez. (in eV).

SCRR = (993 Data set reference number of a scratch file-I.
SCRS - (98) Data set reference number of a scratch file-2.
SCRD = (97) Data set reference number of a scratch file-3.
SCRL = (98; Data set reference number of a scratch file-4,
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SCRE = (95) Data set reference number of a scratch file-5.

k) LABFL card
A literal record, the first record of an output file in the ENDF/B
format. ig written on the file defined by the OUTF parameter. A literal

input record in the following format must follow the LABEL card.

columns format meaning
1 - 66 BGBAl [Literal data
87 - 70 I4 Tape identification number
c) G0 card

A calculation starts when a G0 card is read. Therefore all input
data for job-condition parameters must have been specified until this

card.
d) EOF card
This card means an end of output to the current output file defined

by the OUTF parameter. If this card is entered, a TEND record is writ-

ten on the last of the output file, and the output file is rewound.

d) STOP card

The current RESENDD job will be terminated by this card.

5. Examples



JAERI -M 84-192

SCRE = (95) Data set reference number of a scratch file-5.

by LABEL card
A literal record, the first record of an output file in the ENDE./B
format, is written on the file defined by the OUTF parameter. A literal

input record in the following format must follow the LABEL card.

columns format meaning
1 - 66 B6A1 Literal data
87 - 70 I4 Tape identificatlion number
o) GO card

A calculation starts when a GO card is read. Therefore all input
data for job-condition parameters must have been specified until this

card.
d; EOF card
This card means an end of output to the current output file defined

by the OUTF parameter. If this card is entered, a TEND record is writ-

ten on the last of the output file, and the output file is rewound.

d) STOP card

The current RESENDD job will be terminated by this card.

5. Examples
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Example 1 Calculation of zero-Kelvin cross sections
The following is an example of the simplest form of input data for

calculation of zero-Kelvin cross sections.

Card No.

//SYSIN DD
QUTEF=2
LABEL
EXAMPLE OF RESENDD
MAT=r221
GO
EOF
STOP

~NoOgTe W -

In this example, the 1-st card defines a data set reference number
of an output file. The literal record, EXAMPLE OF RESENDD, is written
on the output file by the second card. The MAT number of 2281 is speci-
fied by the 4-th card. Other values of job-condition parameters are
assumed to be equivalent to initial values. The calculation is started
by the next GO card. Figure ! shows the output written on a line-
printer. The resonance parameters used are listed there together with
shift factors and penetration facters. In this example. the total angu-
lar momentum is unknown for the resonances whose J values are listed as
1.50. A first few hundred recordé of output to a magnetic disk are
given in Fig. 2. Calculated cross sections are shown in Figs. from 3 to
.

If other calculations are needed, additional pairs of MAT and GO

cards should be entered as follbws.

Card No.
MAT =291 4
GO 5
MAT=2300 added -1
CO added-2
MAT=2312 added-3
GC added-4
ECF 53
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By this input., cross sections of three materials are calculated.
T+ should be noted that the calculated cross sections have to be written

on the output file in increasing order of MAT numbers.

Example 2 Accuracy and CPU time.

In this example, relation of accuracy and CPU time is shown. The
cross sections were calculated from the %Cu data of JENDL-27 by
applying various values of accuracy, Table 4 lists number of energy
points generated to reproduce cross sectlon curves within the required
accuracy ¢, and spent CPU time. Calculated curves are shown in Figs. B

and 7. It is seen that ERR of 0.01 gives satisfactory accuracy.

Example 3 Output to a line printer.

In the case of OUTF=6, output is written on a line-printer. Figure

8 shows such an example.

Example 4 Calculation of Doppler broadened cross sections.

Doppler broadened cross sections at 300 K are calculated by chang-

ing the 4-th card of Example 1 as follows.

: Card No.
MAT=2291 , TEMP=300 4
GO 5

Example 5 Temperature and CPU time.
The Doppler broadened cross sections were calculated at 300, 1000,
2000 and 3000 K. Spent CPU time is listed in Table 5. Obtained cross

sections are shown in Figs. from @ to (3.

_-2 6_



JAERI-M 84—192

Acknowledgments

This program was modified on the basis of RESEND. Many people, in
particular members of JNDC and the Nuclear Data Center of JAFRI, contri-
buted to this improvement. Recently, international comparison of energy
dependent cross-section generation programs was organized by Dr. Cullen,
TAEA, and RESENDD Qas used by Dr. Hasegawa, JAERI, to participate in the
comparison. Some errors of RESENDD could be found through this compari-
son, and they have been corrected. The author acknowledges all of these

valuable contributions.

References

1) Revised by D. Garber, C. Dunford, and S. Pearlstein @~ ENDF-102,
Data Formats and Procedures for the Evaluated Nuclear Data File,
ENDF ", BNL-NCS-50496 (1975).

2) FEdited by R. Kinsey : ~ ENDF-102, Data Formats and Procedures for
the Evaluated Nucleaf Data File, ENDF/B-V ~. BNL-NCS-50496 (1979},
and revised by B.A. Magurno (1983).

3) Q. Ozer : " Program RESEND ", BNL-17134 972,

4y D.E. Cullen : °~ Program SIGMA1 (version 79-1): Doppler'broaden eval -
uated cross sections in the evaluated nuciear data file/version B
(ENDF/B) format ", UCRL-B0400 Vol. 17. Part B, Rev. 2. {(1979).

55 M.R. Bhat : * ENDF/B Processing Codes for the Resonance Region ',
BNL 50296 (1971).

&) Y. Kikuchi @ submitted to J. Nucl. Sci. Technol. (1984).

7) Edited by T. Nakagawa : " Summary of JENDL-2 General Purpose File 7,

JAFRI-M 84-103 (1984).



JAERI-M 84-192

Acknowledgments

This program was modified on the basis of RESEND. Many people, in
particular members of JNDC and the Nuclear Data Center of JAFRI, contri-
buted to this improvement. Recently, international comparison of energy
dependent cross-section generation programs was organized by Dr. Cullen,
TAEA, and RESENDD Qas used by Dr. Hasegawa. JAERI, to participate in the
comparison. Some errors of RESENDD could be found through this compari-
son, and they have been corrected. The author acknowledges all of these

valuable contributions.

References

13 Revised by D. Garber, C. Dunford, and S. Pearlstein :@ ~ ENDF-102,
Nata Formats and Procedures for the Evaluated Nuclear Data File,
ENDF °, BNL-NCS-50496 (1975).

2) Edited by R. Kinsey : " ENDF-102, Data Formats and Procedures for
the Evaluated Nuclear Data File, ENDF/B-V ;, BNL-NCS-50496 (19793,
and revised by B.A. Magurno (1983).

3) 0. Ozer : ' Program RESEND ", BNL-17134 (1972).

4) D.E. Cullen : " Program SIGMAl (version 789-1): Doppler'broaden eval -
uated crosg sections in the evaluated nuciear data filesversion B
(ENDF/B) format ~, UCRL-50400 Vol. 17. Part B, Rev., 2. {1979;.

55 M.R. Bhat : ° ENDF/B Processing Codes for the Resonance Region
BNL 50236 (1971 ).

&) Y. Kikuchi : submitted to J. Nucl. Sci. Technel. (1984).

7) Edited by T. Nakagawa : ~ Summary of JENDL-2 General Purpose File 7,

JAERI-M 84-103 (1984).



JAERI-M 84192

Table 1  Shift factors

3 S5y
0 0
1 -1 /7 (1 + p2 )
2 —( 18+ 3p%) / (9 + 3%+ pt)
3 — (675 + 90pP + 6p* ) / (225 + 455 + Bpt + pb )
4 —( 44100 + 4725p% + 270p* + 10p% )
/( 11025 + 157502 + 135p* + 10p% + p8
p = ka,

where o is the channel radius defined as

a = [1.23/AR + 0.8) x 0.1 cuw'®.

Table 2 Penetration facters

L P

0 f2

1 PP/t

2 P> / (9 + 3%+ p')

3 pt /(225 + 4507 + Bp' + p° )

4 o/ (11025 + 157507 + 138" + 1008 + pf )

p = ka,
where a is the channel radius defined as

g = {1.23,/AWR + 0.8] x 0.1 cw'2.
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Table 3 Hard-sphere scattering phase shifts

Hard-sphere scattering phase shists are calculated as shown in this

table, by using the effective scattering radius given in an input file.

Here, p = kR.
£ @1
0 p
1 5 - tan'h
2 p-tan'( 3/ 3-p)3
3 h - tan'[ (15 - p*) / (15 - f£) )
4 p - tan™' [ (1055 - 105°) / (105 - 450% + p') )

Table 4  Accuracy and CPU time

Resonance cross sections were calculated from the Cu-63 data of
JENDL-2 with several kinds of accuracy. The number of energy points

obtained in the resonance regipn and spent CPU time of FACOM-M 380 are

compared.
£ energy points CPU time (sec)
0.5 802 1.1
0.1 1156 1.9
0.05 1641 2.5
0.0t 3565 5.1
0.005 BOS7 7.2
0.001 11263 15.5
0.0005 ' 15002 21.8
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Table 5 CPU time for Doppler broadening

Doppler broadened cross sections of the Cu-83 data of JENDL-Z2 were
caleculated at 300, 1000, 2000 and 3000 K. CPU time spent are compared,

The calculation accuracy of 0.01 was used for all cases.

temperature (K) - CPU time (sec)
0 5.1
300 11.0
1000 i3.2
2000 14.6
3000 15.2
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MT=

MT=

MT=

MT=
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MT=
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MPLE OF RESENDD )
530+ & 6.23892+ 1 0 0 : .0 : 322291
+ 0 0.0 + 0 0 0 88 02291

U- &3 JAERI,MAPI EVAL-MARB2 S§.IGARASI,M.SASAKI 2291
DIST-MARB3 REV1-JANB4 2291

RY 2291
EVALUATION WAS MADE FOR JENDL-1 BY M.SAKAKI(MAPI). 2291
DATA IN THE ENERGY REGION ABOVE 35 KEV WERE RE-EVALUATED = 2291
FOR JENDL-2 BY S.IGARASI C(JAERI), AND THE. BACKGROUND DATA 2291
IN THE RESONANCE REGION WERE MODIFIED. : 2291
COMMENT WAS ADDED. 2291

: 2291
GENERAL INFORMATION 2291
451 DESGCRIPTIVE DATA AND DICTIONARY 2291
2251

RESONANCE PARAMETERS 2291
151 RESOLVED RESCNANCE PARAMETERS FOR MLBW FORMULA 2291
RESONANCE REGION = 1.0E-S EV TO 35 KEV. 2291
PARAMETERS WERE MAINLY TAKEN FROM BNL-325 3RD EDITION /2/. 2291
A BOUND LEVEL WAS ADDED TO REPRODUCE THE 2200-M/SEC CAPTURE 2291
CROSS SECTION OF 4.5 +- 0.1 BARNS /i/. THE EFFECTIVE SCAT- 2291
TERING RADIUS OF 6.70 FM WAS TAKEN FROM REF. /2/. 2291
2291

CALCULATED 2200-M/S CROSS SECTIONS AND RES. INTEGRALS. 2291
- 2200 M/S RES. INTEG. 2291

ELASTIC 4L.979 B - 2291
CAPTURE L.492 B 5.41 B 2291
TOTAL 9.471 B - 2291

' 2291

NEUTRON CROSS SECTIONS 2291
OW 35 KEV, ALL SACKGROUND CRDSS SECTIONS ARE ZERO. 2291
VE 35 KEV, OATA WERE EVALUATED AS FOLLOWS, 2291
1 TOTAL 2291
OPTICAL AND STATISTICAL MCODEL CALCULATION WAS MADE WITH 2291
CODE CASTHY /3/. THE ORTICAL POTENTIAL FARAMETERS USED ARE 2291
AS FOLLOWS C(IN THE UNITS OF MEV AND FERMIJ, 2291
V = 46.0 - 0.250%=E , RO = 1.16*%Axx1/3+0.6, A0 = 0.62 2291
WI =0.125%E-0.0004%Exx2, RI = 1.1&6%Axx1/3+0.6, Al = 0.62 2291
WS = 7.0 , RS = 1.16*Axx1/3+1.1, AS = 0.35 2291
Ws0= 7.0 , RSO= 1.16xAx*x1/340.6, ASO= 0.60 2291
2 ELASTIC SCATTERING 2291
{TOTAL)-(ALL OTHER PARTIAL CROSS SECTIONS) 2291
4,51-57,91 INELASTIC SCATTERING 2291
OPTICAL AND STATISTICAL MODEL CALCULATION WAS MADE BY TAKING 2291
INTOD ACCOUNT OF (N,2NY, (N,N'A)Y AND (N,A} REACTIONS AS COM- 2291
SETING PROCESSES. THE LEVEL SCHEME WAS TAKEN FROM REF. /4/. 2291
NO . ENERGY (MEV) SPIN-PARITY 2291
G.S. 0.9 3/2 - 2291

1 0.66962 1/2 - 2291

2 0.96206 5/2 - 2291

3 1.32703 7/2 - 2291

4 1,41203 572 = 2291

5 1.54702 3/2 - 2291

6 1.8613 5/2 - 2291

7 2.0111 3/2 - 2291
LEVELS ABOVE 2.05 MEY WERE ASSUMED 7O BE OVERLAPPING. 2291
16,22,107  (N,2N), (N N"AY AND (N,A} 2291
RECOMMENDED BY XOBAYASHI /5/. 2291
102 CAPTURE 2291
CALCULATED WITH CASTHY /3/ AND NORMALIZED TO THE VALUE OF 2291
23.7 MILLI-BARNS AT 230 KEV WHICH WAS MEASURED BY ZAIKIN /6/.2291
251 MU-BAR 2291
CALCULATED WITH CASTHY /3/. 2291
2291

ANGULAR DISTRIBUTILONS OF SECONDARY NEUTRONS 2291
2,51-57 : CALCULATED WITH CASTHY /3/. 2291
16,22 : ASSUMED TO BE ISOTROPIC IN THE LAB SYSTEM. 2291
91 : ASSUMED THE SAME DISTRIBUTIONS IN THE LAB SYSTEM 2291
AS THOSE CALCULATED WITH CASTHY IN THE CENTER- - 2291

OF~MASS SYSTEM. 2261

‘ : 2291

ENERGY DISTRIBUTIONS Of SECCONDARY NEUTRONS 2291
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Fig. 2 Output on a magnetic disk by Example 1. Cnly a first few

hundred records are shown.
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MT=16,22,91 ¢ EVAPORATION SPECTRA. 2291

2291

REFERENCES 2291

1) MUGHABGHAB S§.F. AND GARBER D.I.: BNL 325, 3RD ED., VOL. 1 2291

(1973). 2291

2) MUGHABGHAB $.F, ET AL.: “NEUTRON CROSS SECTIONS, vOL. 1. 2291

PART A", ACADEMIC PRESS (1981). 2291

3) IGARASI S.: NUCL. SCI. TECHNOL., 12, &7 (1975), 2291

4) AUBLE R.L.: NUCLEAR DATA SHEETS, 14, 119 (197%). 2291

5) KOBAYASHI K.: PRIVATE COMMUNICATION. 2291

&) IZAIKIN G.G. ATOMNAYA ENERGIYA, 25, 526 (1968). 2291

2291

2291

xtxxx RESENDD CALCULATION UNDER THE FDLLOWING PARAMETERS xxxxx 2291

2291

ACCURACY ....e. 0.0100 MINIMUM X-SECTION ...-1.00D+0C 2291

INTERPOLATION QPT. X~SECT. DUTPUT OPTION ...o... 0 2291

TEMPERATURE 0.0 2291

: 2291

1 651 115 2291

2 151 50 2291

3 24 2291

3 17 2291

3 13 2291

3 10 2291

3 11 2291

3 13 2291

3 13 2291

3 12 2291

3 12 2291

3 11 2291

3 11 2291

3 10 2291

3 10 2291

3 102 17 2291

3 107 15 2291

3 251 18 2291

4 213 2291

4 10 2291

4 10 2291

4 106 2291

A 100 2291

4 91 2291

&4 89 2291

4 82 2291

4 BO 2291

4 73 2291

4 71 2291

5 15 2291

5 9 2291

5 10 2291

2291

2291

2.90630+ & 6.23892+ 1 0 0 1 02291

2.90630+ & 1.00000+ O 0 0 1 02291

1.00000- S 3.50000+ & 0 0 0 02291

1.50000+ 0 6.70000- 1 0 0 0 p2z91

2291

2291

2.90630+ 4 6,23892+ 1 0 0 o 02291

0.0 + 0 0.0 0 0 0 2 36262291

3565 2 3626 5 2291

1.000000-5 2.30969+ 2 1.308715-5 2.02524+ 2 1.617431-5 1.82675+ 22291

2.234862-5 1.56149+ 2 2.852293-5 1.38790+4 2 3.469725-5 1.26302+ 22291

4.704587-5 1.09170+ 2 5.939450-5 9.77083+ 1 7.174312-5 8.93513+ 12251

8.409175-5 B.29106+ 1 1.087890-4 7.3495%+ 1 1.334862-4 6.68336+ 12291

1.581835-4 6.18001+ 1 2,075781-4 5.45811+ 1 2.569726-4 4.95598+ 12291

3.083671-4 4.58081+ 1 4.,051562-4 4.04832+ 1 5.039452-4 3.48136+ 12291

6.027343-4 3.40881+ 1 B8.003125-4 3.02406+ 1 §.978907-4 2.76020+ 12291

1.195469-3 2.56481+ 1 1.590625-3 2.28977+ 1 1.985781-3 2.10161+ 12291

2.380937-3 1.96249+ 1 3.171250-3 1.76694+ 1 3.961562-3 1.63332+ 12291

4.751875-3 1.53460+ 1 6.332500-3 1.395%4+ 1 7.913125-3 1.30125+ 12291
Fig. 2 {(Continued)
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9.493750-3
1.897750-2
4.289566-2
7.808698-2
1.660653-1
3.068307-1
5.8834615-1
1.151423+490
2.277546+0
4.529792+0
9.034285+0
1.804327+1
3.606125+1
6,308821+1
1.081331+2
1.621870+2
2.522769+2
3.603848+2
4,144387+2
4,594836+2
4.865106+2
5.090330+2
5.225465+2
5.360600+2
5.450690+2
5.518257+2
5.585825+2
5.619608+2
5.647761+2
5.664653+2
5.681545+2
5.698437+2
5.706882+2
5.715329+2
5.723775+2
5.732221+2
5.7400666+2
5.746297+2
5.750519+2
5.754743+2
5.758966+2
5.763189+2
5.768002+2
S.770998+2
5.775410+2
5.779658+2
5.783906+2
S.788153+2
S.793817+2
5.802312+2
S.810808+2
5.8193204+2
$.836294+2
5.833285+2
5.875940+2
5.909922+2
5.943903+¢2
5.977885+2
6.045849+2
6.113813+2
6.181777+2
6.317705+2
6.408323+2
6.4366404+2
6.453632+2
6.4664959+2
6.473455+2
6.479118+2
6.683366+2
6.4B76144+2
6.489738+2
6.491862+2

1.23133+
1.01662+
B8.42859+
7.53492+
6.72998+
6.264L75+
5.90321+
5.63188+
5.428%90+
5.27134+
5.13506+
4.99717+
4.82293+
4.63123+
4,3B528+
4.15347+
3.84383+

3.50569+.

3.306%9+
3.08322+
2.88964+
2.65636+

2.46043+

2.19932+
1.98912+
1.85042+4
1.90763+
2.246174+
3.02738+
4.02240+
5.8830%+
9.63721+

1.29783+

1.82231+
2.69420+
4.26272+
7.62066+
1.15963+
1.71563+
2.71048+
4.65391+
B.6%9201+
1.64801+
1.79556+
1.18271+
6.71231+
4.07797+
2.70642+
1.74519+
1.05850+
7.25655+
S.38799+
3.45595+
2.51331+
1.84532+
1.34179+
1.07848+
9.19838+
7.41108+
b.464450+
5.84417+
S.14427+
4L.87718+
4. B3L72+
L.B8L428+
4.89928+
5.02002+
5.20851+
5.50066+
6.14495+
6.79755+
7.99592+

JAERI-M 84-182

1.265500-2
2.530000-2
5.169349-2
9.568265-2

2.012566-1

2.772134-1
7.291268-1
1.432953+0
2.840607+40
5.655915+40
1.128653+1
2.254776+1
4.507023+1
7.209720+1
1.261511+2
1.802050+2
2.883129+2
3.784027+2
4,.324567+2
4. 68L926+2
4.955196+2
$.135375+2
5.270510+2
5.605645+2
S.473212+2
5.540780+2
5.597086+2
5.4630870+2
5.653392+2
5.670284+2
5.687176+2
5.701252+2
5.709698+2
5.718144+2
5.726590+2
5.735036+2
5.743482+2
S.747704+2
5.751927+2
5.756150+2
5.760374+2
5.764597+2
5.749001+2
S.771997+2
S.776B26+2
5.781074+2
5.785322+2
5.789569+2
5.796649+2
5.805144+2
5.813640+2
5.824967+2
5.841958+2
5.858949+2
5.887267+2
5.921249+2

5.955231+2

6.000540+2
6.068503+2
6.136468+2
6.227086+2
6.363014+2

'6.619650+2

6.4423064+2
6.459295+2
6.467791+2
6.4L76287+2
6.480534+2
6.484782+2
6.488322+2
6.49044642
6.492570+2

Fig. 2

1.133%4+ 1 1.581625-2
9.47134+ 0 3.409783-2
§.12113+ 0 6.049132-2
7.28758+ 0 1.308740-1
6.56885+ 0 2.364480-1
6.13738+ 0 4.475961-1
5.80700+ 0 8.698922-1
5.56018+ 0 1.714484+0
5.37431+ 0 3.403669+0
5.22652+ 0 6.782038+0
5.09312+ 0 1.353878+1
4L.94665+ 0 2.705226+1
4.75324+ 0 5.407922+1
4.576446+ 0 9.011515+1
4.30219+ 0 1.441691+2
4.08584+ 0 2.162410+2
3.73217+ 0 3.243488+2
3.46418+ 0 3.964207+2
3.22711+ 0 4,504746+2
:3.02585+ 0 4.775016+2
2.80692+ 0 5.0452B6+2
2.59701+ 0 5.180420+2
2.38158+ 0 5.315555+2
2.06627+ 0 5.428167+2
1.93698+ 0 5.495735+2
1.82898+ 0 5.563302+2
1.97777+ 0 5.60B34742
2.47154+ 0 5.642131+2
3.29585+ 0 5.659022+2
4.51411+ 0 5,675915+2
6.84105+ 0 5.692B06+2
1.05980+ 1 5.704067+2
1.44601+ 1 5.712513+2
2.06277+ 1 5.720960+2
3.11249+ 1 5.729405+2
5.06418+ 1 5.737851+2
9.19041+ 1 S5.744BBI+2
1.31311+ 2 §.749112+2
1.98193+ 2 5.753335+2
3.21292+ 2 5.757558+2
5.68730+ 2 5.7617B1+2
1.07646+ 3 5.,766005+2
1.74434+ 3 5.770000+2
1.70690+ 3 5.773995+2
$.78011+ 2 5.778242+2
5.624692+ 2 5.782490+2
3.52470+ 2 5.786737+2
2.40081+ 2 5.790985+2
1.45162+ 2 5.799480+2
9.2314%+ 1 5.807976+2
6.52251+ 1 5.B16472+2
4.56115+ 1 5.830631+2
3.07414+ 1 5.847621+2
2.30302+ 1 5.866613+2
1.63469+ 1 5.898594+2
1.23697+ 1 5.932576+2
1.01737+ 1 5.966558+2
B.43712+ 0 £.023194+2
7.02992+ 0 6.091158+2
6.21526+ 0 6.159122+2
5.55716+ 0 6.272395+2
4.99379+ 0 6.385668+2
4,85564+ 0 6.430977+2
4.B3288+ 0 6.44796B+2
4.B6331+ 0 6.462127+2
4.92751+ 0 6.470623+2
5.09450+ 0 &.,477702+2
5.28458+ 0 6.481950+2
5.65713+ 0 6.486198+2
6.324463+ 0 6.4B89030+2
7.11354+ C 6.491154+2
B.62396+ C 6.493278+2
{Continued)

1.086114+
8.84838+
7.88344+
6.95220+
6,44511+
6.04122+
5.73488+
5.50632+
5.33268+
5.19106+
5.05712+
4 .90185+
4L.68986+
L.47601+
L.22529+
3.96032+
3.62114+%
3.378B52+
3.13527+
2.96187+
2.71072+
2.53197+
2.29467+
2.04277+
1.88915+
1.83928+
2.08430+
2.80607+
3.62264+
5.12306+
8.06147+
1.17025+
1.618%9+
2.34954+
3.62557+
6.08B837+
1.02969+
1.494605+
2.30777+
3I.8L700+
7.01083+
1.31577+
1.81694+
1.41146+
8.07919+
4.765486+
3.07542+
2.14480+
1.22998+
8.14397+
5.90798+
3.93812+
2.76607+
2.12587+
1.47127+
1.150Q064+
9.65065+
7.87673+
46.71256+
6.01710+4
5.32905+
4.93062+
4L.839463+
4,83536+
4,87854+
L.96621+
5.14691+
5.37975+
5.B6404+
&.53880+
7.504604+
9.44285+

12291

02291

gz29l.
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02291
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22291
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12291
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02291
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144
145
146
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148
149
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151
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153
154
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157
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160
161
162
163
164
165
166
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170
171
172
173
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175
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181
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183
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186
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190
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204
205
206
207
208
20¢
210
211
212
213
214
215



6.4L93986+2
6,4954Q02+2
6£,4964L564+2
6, 497526+2
6.458588+2
6.499735+2
6.500529+2
.501818+2
.502958+2
.50409G+2
.50523%+2
.507141+2
.509421+2
.511703+2
L514744+2

.523869+2
531473+2
.S540597+2
.9555805+2
.S574054+2
.610552+2
67138242
79304442
.085031+2
LLTL3LE6+2
.814997+2
.912326+2
.960991+2
.985323+2
.003572+2
.015738+2
024862+2
.033987+2
.038549+2
.043111+42
.047673+2
049954+2
052236+2
.054517+2
056799+2
.059160+2
.060420+2
.042606+2
.063995+2
0&538B4+2
067236+2
.0700144+2
07279242
076497+2
082053+2
O0B7609+2
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The cross section was calculated with various values of €.
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Fig. 9 Doppler broadened cross sections. The elastic scattering
cross section in low energy region,
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Fig. 10 Doppler broadened cross sectilons. The capture cross section
in low erergy region. The cross section in a form of 1/v 1s
not changed by the Doppler effect.
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Fig. 11 Doppler broadened cross sections. The capture cross section
around a narrow resonance.
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Fig. 13 Doppler broadened cross sections. The total cross section
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Appendix

Derivation of Multi—level Breit-Wigner Formula Used in RESENDD

The multi-level Breit-Wigner formula used in RESENDD was modified
to accept also J-unknown rescnances and to shorten CPU time for
calculation. In this appendix, derivation of Eq. (2.2) in the text 1s
shown. The meaning of symbols used is the same as that in the text.

The elastic scattering cross section is written as follows by using

the scattering matrix U.
on‘naE;»-—-;\%E > gy |1-Us A 12 A1)
T

Usually the scattering matrix is approximated as

R 172172
rllT rCT ] . (‘4.2>

b 21 ) o R D
Unc = exp( 2191 /[5ri.c+1 E, -E-T, /2

.
In order to take account of J-unknown resonances, we use the following

scattering matrix in place of (A.2).

NR.I 17201 /2 NRL 1 /21172

e . e . Solnt T en”
U = exp(2ig )| By oti) st 1) e s | (A3
n,o p N (IDI E n.c . I_:, 7]:“‘1‘1_‘7",’/2 ” Eu "E*‘i l—‘“/2 3 ,)

where the first summation is for J-known resonances and the second sum-
mation for J-unknown resonances, and the quantity 6j, in the second
summation represents whether the J-value of the u-th resonance is J or
not. It has a value of zero or one.

By using Egq. (4.3), the elastic scattering cross section is calcu-

lated as féllowé.

T
Bl
A~

o - BT 4L Dsinor Y| @G’
1 : 4

+2sin2@ix(h;—(1mc052$1th}}, A4
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where
SRS B 7 D TR o T o 45
WL g VAT SEE, T :
NRJ NRL ~
GJZEZ . rm'r?' Z OJurmzru

e — — A.G)
QE_EJ" ) )“'%Fé/il- u <E_Eu ' >h+rl_1/4 ( '

Now, we calculate square of Eq. (4.5).

NRJ

- NEJ NRL .
2 rnr ‘(E_Er rnr (E"Er ") Olu Nt (E Eu
G o= = 1542 g 3
G Lz:(ﬂ -F )R+ sz E:(E e 4 T R ,4Tﬁ/4
NI
Lo OJurnu \E Lu ¢ .
+ (AT
DN e ik |
The second term can be written as follows;
NRJ NBRL
rn r ‘-fE*Er ‘ rnu EiEu '
ZPH B N 2) XZ (. 5 :> ’ (48)
r &E“Er } +r‘r/4 u {E“’Eu ) +ru./'/4

by assuming that

opy B _Tw BB N bl ) o
= (E-E, Y+Ti/4 o (EE, )C+Ti/4] | AT

where the quantity P;; represents a probability of resonances which have

the total angular momentum of J. This guantity must be proportional to
2J+1%. In RESENDD, Egq.

{(2.8) is uged to determine Pj;. The third term

of Eq. (A.7) is

N’RL
O.Jurnu (E Fu )

(F-F, ' " +T5/4

) E

NRL 2 . NRL NRL
:Z 8Jur;u (.E*Eu )2

((E-E, -Ti/417

5»][15}11‘1_‘]]14-1_‘7’“[, (’E*’EU ! }{E-EH. ' )
D @R, T4 (EEy T /A

u *Fy

. L2 NRL NRL . .
_PJ , Z i {E_Eu ¥ “TPJ) . Z l_‘nur‘nu (E Fu ) -7 )
r E-F, \_’Frﬂfﬁlj - . vou [ {E"'Eu e ru / [ ‘:E”Eaf T

SR
; +r-a‘ /‘-4 B
u
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NEL 2 2
rﬁle E _Eu s
ifﬁz§j ¢ )

= ((E-E, T5/4) "

_;’_ DJ ! ’ { FNRL rnu <E*EH ’ ) } E_NRL r%u <E_EH ' )2 } <A 10)
VST ER, DR A T R T A T
The newly introduced quantity Pj° 1is a probability of resonances with

the total angular momentum J among (NRL - 1) resonances. Therefcore that

can be calculated as

Py (PpNRL-11
NRL-1

Pp' =

The same calculation can be done for Gj».  Then.

rhﬁ Tor (E-E, ‘3 }2_+_1_ {%I Dele i }2
E-E, P TE/4 AT E-E ) T A

L

r

NRJ

NE!
1mnr (E_Er i, . i rm( (\E”Eu ) )
2P - ,: X 3 2]
. “[Z E-E, 2+Te/4 Z EE, +lo/4

r

R NEL
" lz Uonlr . ol :I
AS (fF TR A S E-E, T A
;PJ % rﬁu _i_PJf '('P‘Jl'f\i}?‘[‘_] \i[ INRL rnu {E‘Eu ) 2
AR, T R L BRI
NRL NRL
i rnu ru 2 rnu ru
+5 (2 men 32 % v | (A.11)
4 u (E‘Eu )“i'ra/fl— u (E_Eu ) +r17/4
We introduce the following two quantities in place of Gy and Gj2.
NRJ NRL
_ nr (E-E,7 ) Ch (E-E _
F = nr L - ¥ : +P nit = il 4 . 1;\‘ 12)
=l P P )
R, NEL
; [ ol ) .
}7 e nt :)r = "E"P HHJ.‘ u ~ , CL\ . -13)
=D, -k, rere4 Z FE, 2aTo/4

r A

Then,
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G = Fn,
Gip = Fio
G Ak P = s e g i P APy
P (1-Py ).
PO gl ). 4. 14)
Therefore
_ N, N 1
On.n (E >%Z{ (2L+1 >sin2@z+2gj[ (Fup)4 5 (Fag P+ 2sin2p < Fy
o J
) R , 1-Pn ) o X X .
1cosee R (-Puofe IR gt [ s
where
NRL l-g
- IO 4.16
fo “;<E7Eu'>ﬂ+r;’/4 (.16
NRIL
‘ Iﬂnu (E—Eu-) .
fi1= ———— , A17
IR, FereA wrn
and
NFL .
fa=2 Lol ' (A4.18)

I {\E‘“‘Eu l )1+FS//4 .
This =guation (4.15) is the same as Eg. (2.2) in the text. In the

second summation of Eq. (A.15), the last term must be zero in the case

where the number of J-unknown resonances is one. 1f the number of
J-unkrown resonances is zero, Eq. (4.15) is completely the same as the

usual multi-level Breit-Wigner formula.




