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A new program of coupled-channels optical model calculation has been developed for
the evaluation of actinide nuclei. The code is composed of by the modules having high
independency and large flexibility. The code is written by C++ language using object
oriented techniques. The program has capability of fitting of the parameters even for the
several nuclei at the same time. The formulae required in the calculation, details of the
numerical treatments and the input parameters are described. The examples of the input

file and the output are also shown.
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1 Introduction

Optical model is one of important methods for the evaluation of the nuclear reaction data,
since it is used for the estimation of total and scattering cross sections, and of transmis-
sion coefficients for statistical model calculations. In order to make the Japanese Evaluated
Nuclear Data Library(JENDL), spherical optical model codes with statistical model cal-
culation such as ELIESE[1] and CASTHY|2] were developed at the Nuclear Data Center
in JAERIL For the actinide nuclei, however, coupled-channels(CC) optical model[3, 4] can
describe scattering process better than spherical optical model, because such nuclei having
large deformation cause strong coupling between levels in the rotational band.

A few codes[5, 6] developed in the foreign countries were used for the coupled-channels
calculations for nuclear data evaluations. Such codes are usually used as a black box and
it is very difficult to add new features to the codes. It is valuable to develop a new code,
whose details are known, for the further improvements of the calculation. Then a new code
(CCOM) of coupled-channels optical model calculation has been developed at the Nuclear
Data Center in JAERI for the evaluation of actinide nuclei. The CCOM is composed of
the modules having high independency and large flexibility. The CCOM is written by C++
language using object oriented technique. The CCOM also has capability of the fitting of
the parameters even for the several nuclei at the same time.

This report describes the formulae required in the calculation, details of the numerical
treatments and input parameters. The examples of the input file and its output are also

shown.

2 Model

2.1 Coupled-channels Equation

In this model, it is assumed that the projectile has no internal structure and the interaction
with the target can be described by the one body local potential. The formulations described
bellow are mainly based on the Ref. [4].

The model Hamiltonian of the system is written as
H=Hs+H,+T+YV, (1)

where H4 and H, are Hamiltonians of the target and projectile, respectively. T and | %
are kinetic energy operator and optical potential of relative motion of target and projectile,
respectively. The V depends on the relative coordinate of particles and also the internal

coordinate of the target. The wave function of the target ®, in the state n is the eigen
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function of Hy: Ha®, = €,P,. Expanding by angular momentum, the total wave function

is written as

v o= 3 MM, (2)
c,J,M
;:]M = [[Zt}ﬂ@XS]J@@n(I)] y (3)
JM

where c is the channel of reaction representing {l, j,n}, fc(r) shows the radial dependence of
the wave function for the channel c, I is the spin of the target in the state n, Y] is spherical
harmonics, x; is the wave function of the projectile having the spin s and [¢;, ® ¢j,] ;5 =
> i ma{J172mima| I M) ¢, ¢j;. From Eq. (1) and Eq. (2) with integrating for the coordinates

except r for the wave function, the coupled-channels Schrodinger equation is obtained,

Ll +1
(2~ T2 12) £240) = X welvive) 1240, @
¢
where k. indicates wave number in the channel c.
The deformation of the potential is assumed to be described by the the potential radius
which is the function of the polar angles (¢ and ¢’) in the body-fixed frame. The radius is

written by the expansion of the spherical harmonics,

R(el,‘ﬁl) =R, {1 + Zﬁ)\OY;Q(el,(ﬁl)} , A=2,4,6,... (5)
A

Here the potential is assumed to have an axial symmetric shape and not to be changed by

the rotational excitation. The potential can be expanded by the spherical harmonics as

V() = ZV,\ {’\Y,\O r’)}

= 2 ) {z‘* 2 D&(ﬂ)”‘m(f)}
A I8

= S W) {i’\YM(f‘)}*, (6)
Ap
W) = [EVEME) ()

where 7/ = ||, ¥ = (¢',¢') and dr' = sin@'d¥'d¢’. The D! , is the D function which
is defined by the matrix element of the rotation operator which is a function of the Euler
angle, Q. The wave function of the target nucleus ®;prx with the spin I for the level in the
rotational band is expressed as
Dy = Pimk = LDfau(ﬂ)dw({), (8)
V8n2
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where ¢x and £ are the intrinsic wave function and its coordinate, respectively, and I=
V2T + 1. The reduced matrix element is calculated as

(IIM,|VA“|IM) = ‘//dé-dﬂq);’M’KVAyQIMK
= (IXMp|I'M')(I'|\VAlT) 9)
(IIAllD) = T VA(r)(IAKO|I'K). (10)

Finally, from Egs. (3), (6) and (9) the coupling matrix element (¢c|V|¥e) in Eq. (4) is
obtained by

1
= =
xW (§5'W; AOW (35 T M) VA, (11)

(WelVive) 3 A=) Tl 1 (1 00|x0)
A

where W shows the Racah coefficient.

2.2 Cross Section

In asymptotic region where the nuclear potential is negligible except for the Coulomb

potential, the Schrodinger equation has the form

where 7 is the Coulomb parameter: n = ZZ' ey /h%k. The Coulomb wave functions Fi(p)
(regular) and Gy(p) (irregular) are the independent solutions of Eq. (12), where p = kr. For

p— 00
. 1
Fi(p) ~ sin(p—nlog2p— §l7r + 01), (13)
1
Gi(p) ~ cos(p—nlog2p — Sl + 1), (14)
op = argl'(l+1+1n). (15)

In the case for the closed channels, the Schrédinger equation is given by

(Ei——————k)ﬁ('f)= : (16)

The solution of Eq. (16) is given by Whittaker’s function W_, ;; /2(2p)[7], which is decreasing

exponentially. If n = 0, the solution is given by the irregular modified spherical Bessel
function multiplied by p.

The cross sections are obtained from the asymptotic behaviour of the wave function, which

is given by the solution of Eq. (4). In the present system, total angular momentum J and
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parity m are conserved through the scattering process. The C-matrix element C’g; for J™

from the initial channel ¢’ to the final channel ¢ is defined by

P Fi, (k)8 + 1/ - CL (G, (ker) +iFy, (ker)} (B > 0), an
e ™
i W—nc,lc+1/2(2kc7') (E<0),
where f£ is the solution of Eq. (4). The C-matrix is related to S-matrix by
x4 1r
Cor = 5 (0 = See') - (18)

If N channels are coupled for J™, Eq. (4) has N sets of the independent solutions having no
singularity at r = 0. The i-th set of the solution is represented by a vector with the elements

of N channels,
f=|:1. (19)

The wave function having the asymptotic behaviour of Eq. (17) for the initial channel ¢/ can

be expressed by a linear combination of the n independent solutions,

flc’ N
f¢ = :Zaffi, (¢ =1...N). (20)
- i=1

Ine

From the condition of the smooth connection of Eq. (20) and Eq. (17), 2N linear equations

£ 5)0-)
fo —Hy C Fs

of C.» and af’ are obtained,

where

F, = diag(F,(kiri), ..., Fi(keri), ..., Fiy (knri)), (22)

G; = diag(Gy (kimi),...,Gi(keri)y ..., Giy(knTi)), (23)

H, = G;+iF;, (24)
X 0

diag (X1, -, Xn) = ) (25)
0 Xn
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fi = (f‘l(ri)w"a?c(ri)a""?N(ri)) ’ (26)
(a} ceak
A= | o], (27)
KalN ) a%
/6_'11 st C'IN
C = S .'. : ? (28)
\Cv1 - Cwn
- k! :
Cor = 4/7.Cec- (29)

Here, the matching condition is that the wave functions coincide at the two asymptotic
radial points (r1, 72). The matrix element of H; will be changed to the Whittaker’s function
W (2kcr;) in the case for the closed channel. The final result of the C-matrix is obtained
from Egs. (21) and (29).

The cross sections of total (o), scattering (o;) to i-th level and reaction (o) are calculated

from the C-matrix,

_ 2J +1 J
7 = Z k2 (25 +1)(2I + 1) (Z;O)Imc““ (30)
S 2<] + 1 JT 2
oi = Z B+ )Rh+1) ;On ) |Cee | (31)
2J+1 ™2
r = — 1- 8517, 32
7 ‘JL—: K2 (25 + 1) + 1) wgzo)( |See| ) (32)

where kg and I indicate wave number and spin of target for initial channel, respectively.
The conditions of n. = i and = 0 means sum over the channels in the i-th excited or initial
channel levels, respectively. The S-matrix element SJ; in Eq. (32) is obtained from Eq. (18).
The total cross section a; and elastic scattering cross section oq are not defined for a charged
projectile. The transmission coefficient T; for the orbital angular momentum l is obtained

by

. 1 2J+1 _J'rr2
Tl_2l+1;(23+1)(210+1) 2 (1 |S°°“|>' (33)

ec/ (ny=0,l=l)

The scattering amplitude A;p,psm/p from the initial state having z-projections of the spin

of the projectile (m’) and target (M’) to the final state (mM) at the i-th excited level is
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obtained by

Amstgors®) = &% >

ec’ (nc=i,n=0) lelgciod
mi ey micm; , Mg

(lcscmlcmljcmjc> (chcijMl JMJ)
X (e seomy,m'|jom;, ) (G Iom;, M'|J My)

Xei(ac+acl)ccc, chmlc (9, O)YICIO(O’ 0)*, (34)

where @ is the scattefing angle. The projectile is assumed to move along the z-axis at initial
channel. The angular distribution of scattering cross sections to the i-th level are calculated
by

do;

1 2
w® = mA;M, (25 + (2 + 1) |00 mms Svtase + Aimst e @) (35)

where fco is Coulomb scattering amplitude given by

7o . . 20 .
) = ——1 _exp{—ingl 2 ) +2igo b, 36
0 = ool s (w8) ), o0
ao = argI(1+ in), (37)
ZZ'ey pucta
"= TRk T hcke (38)

where « is the fine-structure constant and c is the speed of light.

3 Details of Calculation
3.1 Expansion of Potential
The optical potentials are assumed to have the shapes of Woods-Saxon and its derivative.
V(r) = Vifi(r) + Wjg;(r) + Vshs(r)o - 1+ Ve(r), (39)

where V;, W; and V; are the strength of potential of complex number and Vi shows Coulomb
potential which is calculated from charge distribution of target nucleus. The fi(r), g;(r) and

hs(r) are the form factors given by

~Rr,\ "1
filr) = <1+eT‘) , (40)
g(r) = —4ai%fz‘, (41)
2
me) = (o) Soho) ()
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2
where (miwc) =2

The charge distribution p(r') of target is assumed to be uniform inside of the charge radius
R(#), Eq. (5), and zero outside. The Coulomb potential V¢ is expanded by the spherical

harmonics,

Ve(r) = /d =
I+1

_ ZZ'e? N 4 T3 R -
= % /dr@(R(r) r)Zle <Ym(r)Y,m(r)

— - Al k(AN af 327'e?
= ;Ylm(r)/dl‘ Y (£ )ch(r,r)m, (43)
for R(¥) <7’
(7 a! R(Al)l+3
4
for R(t') > '
_ 2 21— grs) (#2
VCl(ra fl) = lr 3 + o ( ~lm__2) ( 7é ), (45)
* rl log 2 (1=2),
where 7« = min(r,7’), 7~ = max(r,r’) and ©(z) is the step function
0 (z<0),
O(z) = (46)
1 (z>0).

The V; is volume of charge distribution and A is the ratio to the volume of the sphere of
radius Ry,

Vo = /dr'@ (R(#') —r") (47)
2
o Iy
- BT+ Zzllzla 22 BB (48)
3 l 111213 0 0
_ W
A = poe (49)

The expanded potentials, Eq. (7) and (43), are calculated by the numerical integration of
optical potentials at radial grid points to solve the Schrodinger equation, Eq. (4).

3.2 Solution of Schrédinger Equation

The Schrodinger equation, Eq. (4) can be written simply as

2f1 (r) ZVU r) filr (50)
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and by vector representation,

f'ry = V({r)f(r). (51)

The modified Numerov method|[8] is used to integrate Eq. (51). It is obtained from the
Taylor’s expansion of f(r) with Eq. (51),

&(r+h)

h2
fir+h)— ﬁf"(r + h)

2
= 2()+ () — S~ B) + 35 £ — ) + O(89)
= 26(r) — &(r — k) + u(r) + O(R%), (52)
ur) = Wr)
h2

= TRt

2
= RV (r) (1 + %V(r)) £(r) + O(h%) (53)

and

1
£(r) = €(r) + Tsulr). (54)
The value of the i-th solution at matching radius is obtained by Eq. (52) and Eq. (54) with

neglecting the terms of O(h®) using the initial value of

€0 =0 (55)

f{)\

0
gh) = |&my, (56)
0

\ 0/

(kh)l+1

20+ 1)

2p (E - V(0)
h2

i(h) (57)

4 Description of Code

The code is written by C++ language using the standard template library (STL) and
GNU Scientific Library (GSL){9]. The list of files with the brief description about functions

and classes of the code is shown.
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4.1 List of Files, Functions and Classes

e calc.cpp, calc.h: main calculation functions

functions:

cmatriz: calculate C-matrix

smatriz: calculate S-matrix from C-matrix

scat_amp: calculate scattering amplitude from C-matrix

cross_section: calculate cross sections

cross_section_da: calculate angular distributions of scattering cross sections
cross_section_integ: calculate total, reaction and scattering cross sections

calc: main function to calculate cross sections at each incident energies

e cblas-mat.cpp, cblas-mat.h: matrix class

classes:

chlass.matriz_z: matrix class of complex number used to call CBLAS functions

used in the function solve.

e ccom.cpp: main program

functions:

main: main function; makes a instance of Input_param class, reads input param-

eters and calls main_fit function

main_fit: calls the function fit for the fitting, and the function calc to get the final

results

e const.h: define some physical constants

he, fine-structure constant o, atomic mass unit . ..

e fit.cpp, fit.h: fitting functions

functions:

fit: main fitting function; iterate up to the convergence
calz: obtain cross sections for all experimental data points

ezpb_f: make a vector of difference between experiment and calculated values

multiplied by the weights of inverse of experimental errors

ezpb_df: make Jacobian matrix, derivative of calculated values by parameters
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e func.cpp, func.h: special functions
spherical harmonics, coulomb wave functions, Clebsch-Gordan coefficient, Racah coef-
ficient, ...

e input.cpp, input.h: class of input parameters

classes:

cs_data: contain the experimental data
— Sys_param: parameters to define system of scattering
— Cal_param: energies and angles to calculate as final results

— Input_param:contain all input parameters

e omp.cpp, omp.h: calculate the optical potential parameters from the input parameters
functions
— get_omp: select the function get.omp_id to calculate optical potential parameters
depending on id
— get_omp_id: calculate optical potential from the list of input parameters by the
formula of id
e potential.cpp, potential.h: class of from factor and potential

classes:

— FormFactor: calculate form factors

— Potential: calculate the optical potential and get multi-pole expansion of potential

e solv.cpp, solv.h: functions to integrate Schrodinger equation

functions:

~ gcouple: calculate angular momentum dependent coupling coefficients
— set_uvcouple: calculate coupling matrix elements
— set_u: calculate u, Eq. (53)
— solve: integrate Schrodinger equation by the modified Numerov method and ob-
tain the wave function at matching radius
e system.cpp, system.h: define system of scattering

classes:
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—  Cross_Section: contain calculated cross sections

—  Particle: properties of particle, mass, Z, A, levels, spin, parity

—  Quantum: quantum number to define channel, I, U, s s, 43,3,J% ...
— Channel: contain all channel information

— System: contain all parameters to define system of scattering

4.2 OMP Function

The optical model parameters (OMP) are calculated from the input parameters by the
function get_omp_id, which can be modified to get different OMP energy dependence. For a
simple example, the OMP having the linear energy and asymmetry parameter dependence
are shown.
void get_omp_omO(System *sys, valarray<double> &p,

valarray<double> &omp, valarray<double> &beta)

{

double en=sys—>energy_lab;

int z=sys->targ.z, a=sys->targ.a, n=a-z;
double eta=double(n-z)/double(a);

O e N o ;AW N -

double v0, r0, aol;

-
- o

omp.resize(21);

—
~

for(int i=0, i3; i<7; i++){

i3=i*3;

v0=0;

r0=0;

a0=0;

switch(i){

case 0: // V
v0=-(p[0]-p[1]*eta-p[2]*en);
r0=p[3]1;
a0=p[4];
break;

case 1: // W
break;

case 2: // Vs
break;

case 3: // Vs
v0=-(p[5]-p[6]*eta+p[7]*en);
r0=p[8];
a0=p[9];
break;

case 4: // Vso
vO=-p[10];

W oW W W WO RN RNONRN RN NN R e e = s e e e
B B R EE & N s R R PR, 0 ® ® N0 W
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rO=p[11];
a0=p[12];
break;
case 5: // Wso
break;
case 6: // V¢
vO=sys->get_zz();
rO=p[13];
break;
default:
break;
}
omp [i3]=v0;
omp[i3+1]=r0;
omp [13+2]=a0;
}
beta.resize(2);
beta[0]=p[14];
beta[1]=p[15];

The lines 1 and 2 define the arguments of the function. The arguments sys and p are the

input parameters. The sys contains all parameters of the present system and the p is the

array of parameters for the OMP calculation. The function will return omp and beta, which

are the OMP and deformation parameters, respectively,

omp[i*3] = V, (58)

omp[i*3+1] = 1y (59)

omp[i*3+2] = aj (60)

betalj] = Pa+1) (61)

where ¢ = 0,...,6: 0; real Woods-Saxon, 1; imaginary Woods-Saxon, 2; real derivative

Woods-Saxon, 3; imaginary derivative Woods-Saxon, 4; real spin-orbit, 5; imaginary spin-
orbit, 6; Coulomb. The line 4-7 define E, Z;, Ay, etc. The line 9-50 calculate OMP parameters
and the line 51-53 define f3.

The OMP having more complicated energy dependence is shown as the next expamle.

1
2
3
4
5
6
7
8
9

10

void get_omp_suk2003(System *sys, valarray<double> &p,
valarray<double> &omp, valarray<double> &beta)
{

double enO=sys->energy_lab, en, en2, ef;

int zp=sys->proj.z, z=sys->targ.z, a=sys->targ.a, n=a-z;
double c0, cl1, c2, eta=double(n-z)/double(a), a3=pow(a, 1./3.);

double vO0, r0, a0;
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omp.resize(21);

if(zp == 1 && sys->efp != 0)
ef=sys->efp;

else if(zp == 0 && sys—>efn != 0)
ef=sys->efn;

else
ef=p[35];

en=enQO-ef;
en2=en*en;

cO=2zp>071: -1;

c1=1+cO*p[28] *eta/ (p[0]+p[1]1*(a-232)+p[4]);
c2=(p[5]*p[4] *exp(-p[5]*en)-p[2]-2*p[3] *en) *c1;

for(int i=0; i<7; i++){
v0=0;
r0=0;
a0=0;
switch(i){
case 0: // V

v0=(p[0] +p[1]*(a-232)+p[2] *en+p[3]*en2 +p[4]*exp(-p[E]*en))*cl

+p [27] #z*zp/a3*c2;
vO*=-1;

rO=p[17]1*(1-p[18]*en2/(en2+p[16]1*p[16]));

a0=p[19]+p[20] *en;
break;
case 1: // W

vO=-p[10] *en2/ (en2+p[11]*p[11]);

r0=p[23];
a0=p[24];
break;
case 2: // Vs
break;
case 3: // Ws

v0=-(p[6]+p [7]1*(a-232)+cO*p[29] *eta) xexp(-p[8] *en)

*en2/ (en2+p[9]*p[9]);
r0=p[21];
a0=p[22];
break;
case 4: // Vso
vO=-p[12] *exp(-p[13] *en) ;
rO=p[30];
a0=p[31];
break;
case 5: // Wso

v0=-p[14] *en2/ (en2+p[15] *p[15]);

r0=p[30];
a0=p[31];
break;

case 6: // Vc
vO=sys->get_zz();
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64 r0=p[256];

65 break;

66 default:

67 break;

68 }

69

70 int i3=1ix3;

n omp [13]=v0;

72 omp [13+1]=x0;
73 omp [13+2]=a0;
74 }

75

7 if (sys->beta.size() > 0){
77 beta.resize(sys->beta.size());
78 beta=sys->beta;
79 }

80 elseq{

81 beta.resize(3);
82 beta[0]=p[32];
83 beta[1]=p[33];
o beta[2]=p[34];
85 }

86 }

The parameters used in the code is almost same as the previous example. The additional
parameters are Fermi energies in lines 13-18. The lines 76-85 shows that the deformation

parameter will be used if defined in the system section of the input.

5 Input Parameters
5.1 Description of Input Parameters

The input parameters are identified by tags with free format. The tags and values should
be separated by white-space characters. The parenthesis is used to define variables whose
number is not fixed. The input file is constructed by the repetition of “ tag val; valy ...”.

The units used in the input and output are MeV, mb and fm for the energy, cross section
and length, respectively. For the angular distributions of the cross section, :ii_gl’ mb/sr is used

with the angle in degree.

e comment

— #: comment out until end of line

— /% ...%/: comment out from “/*” to “*/”

e system: define system
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— system: add new system; system is identified by the number 0, 1, 2, ...

— za Z, A, my, Z; A; my: proton number, mass number and mass of projectile and
p “ip Mp

target
— 1ev I 7 Ez: add level of spin I, parity w(+/-), excitation energy Ex

— efermi €f, €p,: Fermi energy for proton and neutron (used for some OMP

parametrisation)
— beta ( 2 B4 ...): deformation parameters

— meshr,, N: matching radius and number of mesh points (should be defined before

the tag system)

— jmax Jn,: maximum of total angular momentum to calculate (should be defined

before the tag system)
— vlmax )\, maximum angular momentum for multi-pole expansion of potential
(should be defined before the tag system)
e calculation: make final result
— ene ( E), Es, ...): incident energies to be calculated (should be defined before
the tag calc)

— angle N, A,: number of angles, increase of angle for angular distribution (should

be defined before the tag calc)

—~ calc (4 j ...): make calculation for the system ¢, j, ...
o experimental data: used for fitting

— data: beginning of experimental data

— range E; Fj: experimental data used in the range from E; to Eo (should be

defined before the tag ene)
— system i: define the system number
— ene E: define incident energy
— tot oy Aoy: total cross section and error
— reac g, Ao,: reaction cross section and error
— 80 Sy ASp: s-wave neutron strength function and error in the unit of 104
— s1 §; AS;: p-wave neutron strength function and error in the unit of 1074

— r’ R' AR': scattering length and error
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— scat i j etag
90 go AO’O
01 (4] AO’I

etag:
angular distribution of sum of the cross sections scattering to the levels between 1
and j. 6;, 0; and Ao; are angle, cross section, and error, respectively. The “etag”

defines the string indicating end of data of the scattering cross sections

— dend: end of experimental data

e others:

5.2

— param idyyp ( Po p1 -..): parameters to calculate optical potentials; can be used

for fitting. idomp defines the OMP parametrisation to be used.

— output file: file name of output. “-” means standard output. If this tag is not

used, output file name is input.out for input file input.in.
— fit (4 j ...): parameters p;, pj, ...to be used for fitting

— end: end of input

Example of Input File

5.2.1 Example 1: Simple Calculation

This is an example of the calculation for 23U + n system coupled 5 levels using the optical

optential of Ref. [10].

O o N ! e W N

L T T S S S R T R R )
~N o O s w N~ O

# o system ———=-------c—----——o
system # 0 92- U -238
za 0 1 1.00866 92 238 238.051

lev 0.00 + 0.00000

lev 2.00 + 0.04491

lev 4.00 + 0.14841

lev 6.00 + 0.30721

lev 8.00 + 0.51830

# cal¢ -————————————————

ene (12)

angle 19 10 # 0 10 20 ... 180

calc ( 0)

# _______________________________________________

param oml ( 51.32134 24 0.57 0.20 1.256 0.62
5.04567 12 0.40 0.001 1.26 0.58
6.0 1.12 0.5 1.3 0.198 0.057 )

end

- 16 —



JAERI-Data/Code 2003-020

The default values of jmax = 40, vimax = 8 and mesh = (20, 100) defined in the file
input.cpp will be used. The following command is used to run the program with mak-

ing the output file testl.out.

ccom testi.in :)

testi.out

# param oml ( 51.3213 24 0.57 0.2 1.256 0.62 5.04567 12 0.4 0.001 .
et ettt

# system 0 za 0 1 1.00866 92 238 238.051 nlev 5

3*

# 0: Energy: 1

# cross section: 1 6929.04 2764.52 3788.55 324.37 50.6842 0.913304 0.00253666
# En, SO, S1, R’: 1 0.655753 1.35069 5.49075

# En, transmission coefficient: 1 0.411152 0.625599 0.203342 0.12236 ...
# angular distribution

0 1832.45 1811.45 11.0627 9.6828 0.255607 0.000153664

10 1736.25 1714.76 11.6258 9.61084 0.249071 0.000154146

20 1476.17 1453 13.5475 9.38442 0.230463 0.000154378

30 1125.5 1099.09 17.2303 8.9776 0.202534 0.000151723

40 772.191 741.03 22.6279 8.36426 0.169133 0.000144273

50 486.817 450.289 28.8558 7.53802 0.134356 0.000132361

60 303.227 262.203 34.3925 6.52956 0.101771 0.000118423

70 217.042 173.816 37.7385 5.41309 0.0739624 0.00010579

80 197.881 155.473 38.0591 4.29596 0.0524101 9.78078e-05
90 206.71 167.969 35.4114 3.2915 0.0376043 9.81145e-05

100 210.89 177.846 30.5302 2.48474 0.0292099 0.000111437
110 193.006 166.61 24.4631 1.90717 0.0262382 0.000143388
120 152.561 132.662 18.3376 1.53377 0.0272633 0.000198327
130 101.484 86.877 13.272 1.30371 0.0307095 0.000276061
140 55.7336 44.3337 10.2117 1.15265 0.0351412 0.000369591
150 26.5626 15.9205 9.55475 1.03845 0.0394547 0.000465788
160 15.4528 3.68044 10.7807 0.948095 0.0429239 0.000548909
170 15.2476 1.78423 12.5303 0.887338 0.0451359 0.000604938
180 16.578 2.33906 13.3267 0.865736 0.0458924 0.000624663

O ® ~N o ;A W N =

w MOORORNOR RN NN RN R e e g e e e e
w8 BB ¥ P ET &N 2 0 0o @ N o bk w N = O

# 1: Energy: 2

# cross section: 2 7189.9 3124.2 3495.34 443.079 111.428 15.4311 0.422913
# En, SO, S1, R’: 2 0.551698 0.938799 5.274

# En, transmission coefficient: 2 0.48919 0.707341 0.382783 0.587136 ...
# angular distribution

0 3662.72 3617.48 29.0254 12.9286 3.24841 0.0326258

10 3298.52 3254.94 27.479 12.8424 3.22817 0.0320615

20 2387.83 2346.73 25.2643 12.6549 3.15435 0.0304472

30 1346.93 1304.44 26.9131 12.5536 2.99691 0.0280002

40 553.536 504.12 33.9179 12.7424 2.7311 0.0250345

50 154.558 96.1319 42.7727 13.2714 2.35967 0.0219209

60 70.1936 6.35024 47.999 13.9034 1.92191 0.019071

70 128.4 65.9575 46.7659 14.1764 1.48347 0.0169532

80 192.825 137.277 40.763 13.658 1.11104 0.0161454

90 208.609 161.217 34.3484 12.1807 0.8455 0.0174033

b B P R OB W W W W W W W W
P W R = O @ ® N & g s W m

-~
o
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s 100 180.359 138.465 31.2792 9.9029 0.689625 0.0216317
«z 110 132.563 92.1998 32.4688 7.23748 0.61741 0.0296131
« 120 85.8746 44.9148 35.6167 4.70617 0.595372 0.0415236
49 130 53.6057 13.3379 36.8889 2.72362 0.59875 0.0565461
so 140 45.7899 9.4653 34.2125 1.42488 0.61432 0.072917

s1 150 68.3418 37.4305 29.4917 0.696124 0.635037 0.0884175
s2 160 114.961 87.3026 26.5551 0.346579 0.655298 0.100983
s3 170 162.735 135.15 26.5893 0.2159 0.669952 0.109097

s« 180 183.057 154.887 27.1944 0.18808 0.675284 0.111894

The line 1 shows the used parameter set and the line 3 indicates Z, A, mass and levels.
The numerical values at the line 6 are the incident energy and the cross sections of total,
reaction, elastic, 1st inelastic, 2nd inelastic, .... The transmission coeflicients are shown at
the line 8, where the values are lined in the order of incident energy, Ty, T1, T, ..., T}, . ...
The lines 10-28 show angular distributions of scattering cross sections. The columns show
angle, sum of all scattering, elastic, inelastic to the 1st level, the 2nd level, .... The results
for next energy begin from the 31st line.

To get the table of energy dependence of cross sections, following command may be useful.

(awk -F : ’/cross section/{print $2}’ testl.out )

5.2.2 Example 2: Fitting

An example of the input file for fitting of the OMP is shown. For the case of the reduced
number of the coupled levels in the previous example, the energy dependence of the OMP is
searched. The total cross section, the angular distributions of elastic and inelastic scattering,

s- and p-wave strength functions and scattering radius are used for fitting.

# system -—-------—————m-—o——
system #0 92- U -238

za 0 1 1.00866 92 238 238.051

lev 0.00 + 0.00000

L= - T I - T * U T VU RN R

lev 2.00 + 0.04491
lev 4.00 + 0.14841
# calc -—=—---mommmmmooeo
ene ( 0.1 0.2 0.3 0.4 0.50.60.70.80.9
11.21.41.61.822.533.564567829
10 10 12 14 16 18 20 )
un angle 0 2 # no angular distribution
12 calc ( 0) # energy dependence
13
4 ene ( 3.4)
15 angle 91 2 #0246 ... 180
16 calc ( 0) # angular distribution
7w #om————————————————— e
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18 param oml ( 51.32134 24 0.57 0.020 1.256 0.62
19 5.04567 12 0.40 0.001 1.26 0.58
20 6.0 1.12 0.5 1.3 0.198 0.057 )

a2 fit (026 8)

2 # —mmm———————m data -———————~——————==—-
23 data

2 system 0

25 ene 0.0001 s0 1.2 0.1 s1 1.7 0.3 r’ 9.6 0.1
26 ene 0.1 tot 11814.2 49.1913

27 ene 0.2 tot 10696.8 27.5866

28 ene 0.5 tot 8387.69 12.3136

29 ene 1 tot 7065.96 6.94642

30 ene 1.4 tot 6936.05 6.47929

31 ene 1.8 tot 7160.01 7.76091

32 ene 2 tot 7307.15 6.62315

33 ene 2.5 tot 7630.9 5.56785

34 ene 3 tot 7858.7 6.65072

5 ene 3.5 tot 7968.68 7.88627

36 ene 4 tot 7994.81 8.59415

37 ene 4.5 tot 7877.03 9.00727

38 ene 5 tot 7664.56 7.2575

39 ene 7 tot 6674.51 4.80028

40 ene 10 tot 5881.1 4.97937

a1 ene 14 tot 5853.65 5.75409

a2 ene 18 tot 6147.31 5.01827

43 ene 20 tot 6213.03 5.29372

44

45 scat 0 0 ————-

46 2.0100000e+01 2.8672000e+03 1.7490000e+02
a7 3.0100000e+01 1.5405000e+03 9.5500000e+01
a8 4.0200000e+01 3.1000000e+02 2.3900000e+01
e 4.5200000e+01 1.4470000e+02 1.1700000e+01
50 5.0200000e+01 2.7700000e+01 3.4000000e+00
51 6.0200000e+01 3.7100000e+01 5.4000000e+00
52 6.5200000e+01 8.4600000e+01 8.2000000e+00
53 8.0200000e+01 1.1390000e+02 1.2200000e+01
54 8.5200000e+01 1.0560000e+02 9.8000000e+00
55 9.0200000e+01 8.7400000e+01 8.7000000e+00
56 1.0020000e+02 3.3400000e+01 4.2000000e+00
57 1.0520000e+02 2.7000000e+01 3.6000000e+00
58 1.1020000e+02 1.0700000e+01 1.9000000e+00
50 1.2020000e+02 2.5000000e+00 7.0000000e-01
60 1.3020000e+02 5.8000000e+00 1.5000000e+00
61 1.4020000e+02 1.4500000e+01 2.7000000e+00
62 1.5010000e+02 2.4600000e+01 3.7000000e+00
63 1.6010000e+02 3.3900000e+01 4.4000000e+00
64  —T—=—=

65

6 scat 1 1 ————-

67 4.0200000e+01 8.2200000e+01 9.7000000e+00
68 4.5200000e+01 6.1900000e+01 6.6000000e+00
69 5.0200000e+01 4.5900000e+01 6.2000000e+00
70 6.0200000e+01 3.6500000e+01 5.9000000e+00

19



71
72
73
74
75
76
77
78
79
80
81
82
83
84

86
87
88
89

91
92
93

95

97

100

101

102
103

H R, PR RPRrPRRPRrRRRROOOOO

scat

P RO 0000 0 E

.5200000e+01
.0200000e+01
.5200000e+01
.0200000e+01
.0020000e+02
.0520000e+02
.1020000e+02
.2020000e+02
.3020000e+02
.4020000e+02
.5010000e+02
.6010000e+02

22

.0200000e+01
.5200000e+01
.0200000e+01
.0200000e+01
.5200000e+01
.0200000e+01
.5200000e+01
.0200000e+01
.0520000e+02
.1020000e+02
.2020000e+02
.3020000e+02
.4020000e+02
.5010000e+02
.6010000e+02

=B W R NDWO OO

WWHh OO O OWEWOWWWE P NN
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.3900000e+01
.1300000e+01
.0300000e+01
.2900000e+01
.0700000e+01
.0400000e+01
.7200000e+01
.0400000e+01
.4600000e+01
.3000000e+01
.8400000e+01
.9900000e+01

.1900000e+01
.2200000e+01
.5800000e+01
.2200000e+01
.9000000e+00
.0000000e+00
.9000000e+00
.0100000e+01
.7000000e+00
.4000000e+00
.8000000e+00
.6000000e+00
.8000000e+00
.9000000e+00
.1000000e+00

WWoadNDNNWeOOO NGO

P PR R, EREROMDNDNNMMNNDNDWWWDS

.1000000e+00
.4000000e+00
.8000000e+00
.8000000e+00
.1000000e+00
.1000000e+00
.8000000e+00
.1000000e+00
.6000000e+00
.2000000e+00
.9000000e+00
.1000000e+00

.5000000e+00
.5000000e+00
.5000000e+00
.3000000e+00
.1000000e+00
.8000000e+00
.2000000e+00
.6000000e+00
.2000000e+00
.0000000e+00
.8000000e+00
.7000000e+00
.5000000e+00
.3000000e+00
.1000000e+00

The parameters to be fitted is shown at the line 21. In the oml parametrisation, p[0]

and p[2] are constant and linear terms of energy dependence of real potential, respectively,

and p[6] and p[8] for imaginary potential. The fitting data are shown from the line 23.

The line 24 shows the system to be calculated; it is defined at lines 2-6. At the line 25 s-

and p-wave strength functions and scattering radius are written. The lines 26-43 show the

total cross sections. The data for angular distribution for the elastic scattering are written

at the lines 45-64. The line 66-83 and line 85-101 are for the inelastic scattering to 1st and

2nd excited levels, respectively.

test2.out

@ NN W N -

# param oml ( 51.3213 24 0.57 0.02 1.256 0.62
# fit (0268 )

# fitting started

# iter: 0 x = 51.3213400 0.5700000 5
# iter: 1 x = 52.2212321 0.5886197 5
# iter: 2 x = 52.0315561 0.5575361 5
# iter: 3 x = 52.0803911 0.5601253 4
# iter: 4 x = b2.0769483 0.5571478 4

5.04567 12 0.

. 0456700
.1215875
.1235479
.9158329
.8741173

OOOOO

4 0.001 1.26 0.

.4000000 |£(x)|
.5132671 [£(x)|
.4939006 |f(x) |
.5312031 [£(x)|
.5409622 |f(x)|

[3,]
o]

142.68

72.1206
66.3312
66.0273
65.9834
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9 # iter: 5 x = 52.0802561 0.5565554 4.,8467365 0.5468730 |f(x)| = 65.9735
10 # iter: 6 x = 52.0810143 0.5561466 4.8358709 0.5492956 |f(x)| = 65.9715
11 # iter: 7 x = 52.0814727 0.55659865 4.8307129 0.5504341 {f(x)| = 65.9708
12 # iter: 8 x = 52.0816644 0.5559102 4.,8284067 0.5509443 [£(x)| = 65.9706
13 # iter: 9 x = 52.0817541 0.5558761 4.8273536 0.5511770 |f(x)| = 65.9706
4 # iter: 10 x = 52.0817945 0.5558606 4.8268760 0.5512826 |f(x)| = 65.9705
15 # p(0) = 52.08179 +/- 0.00892 | 1.000 0.409 -0.709 0.515

16 # p(1) = 0.55586 +/- 0.00243 | 0.409 1.000 -0.049 -0.029

17 # p(2) = 4,82688 +/- 0.03573 | -0.709 -0.049 1.000 -0.836

1B # p(3) = 0.55128 +/- 0.00749 | 0.515 -0.029 ~0.836 1.000

19 # status = success

20 # param oml ( 52.0818 24 0.555861 0.02 1.256 0.62 4.82688 12 0.551283 0.001 ...

21 H#—————=——————m e mmm—mmm e

2 # system 0 za 0 1 1.00866 92 238 238.051 nlev 3

23 #Hm=m——————m——————— ——— e — e s e —————— o

24 # 0: Energy: 0.1

5 # cross section: 0.1 11975.1 3167.02 8796.25 11.865 0

6 # En, SO, S1, R’: 0.1 0.639172 2.63677 8.3665

27 # En, transmission coefficient: 0.1 0.12673 0.11523 0.00191502 5.78636e-05 ..

28

29

30 # 1: Energy: 0.2

31 # cross sectiom: 0.2 11018.1 3408.16 76563.34 46.4354 0.165721

2 # En, SO, S1, R’: 0.2 0.632752 2.65966 7.75804

13 # En, transmission coefficient: 0.2 0.177423 0.269376 0.009617 0.000656405 .

34 dsesessesscancsresssssseene

The lines 4-14 show results for the each iterations. The last column shows \/ Sy — fi)?/02,
where y; and o; are the experimental data and its error for fitting, respectively, and f; is
the calculated value. At the line 15-18, the final results with the estimation of errors and
correlations of the fitted parameters are shown. The line 20 shows the new parameter set
obtained by fitting. From the line 21, the final calculated cross sections are shown. The

result of fitting is shown in Fig. 1.

Total Cross Section, U-238 + n

12000 & ——— —
RN nital -------
N Final
11000 | 4
R
& 10000 - S s
E \
5. 9000 - 4
é e
2 8000 [ i
[} \,
°
O 7000 | - i
6000 | Neq
5000 i 1 PN e | A " s aoa ol
0.1 1 10

En (MeV)

Fig. 1: Total cross sections calculated by initial and final parameters in the fitting.
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x| J(=10"erg) kgf*m kW« h cal GtE#) Btu ft « Ibf eV 1 cal = 4.18605 J (it &ik)
3
/; 1 0.101972 | 277778 x10°" |  0.238889 | 9.47813 x 10™* 0.737562 | 6.24150 x 10"® = 4184 (ML)
| 9.80665 1 2.72407 x 107 2.34270 9.29487 x 10°° 7.23301 6.12082x 10" =4.1855J (15°C)
{% 3.6x10° | 3.67098 x 10° 1 859999 x 10° 3412.13 2.65522 x 10° | 2.24694 x 10% =4.1868 J (EEIESR)
!;\ 4.18605 0.426858 116279 x 107° 1 3.96759 x 10° 3.08747 261272% 10" g | pS LEH)
[ 1055.06 107.586 2.93072 x 10~ 252.042 1 778.172 6.58515 x 10! = 75 kgf-m/s
1.35582 0.138255 | 376616 x 1077 |  0.323890 | 1.2B506 x 10~ 1 8.46233x 10" = 795499 W
160218 x 107'° | 1.63377 x 10" 2| 4.45050 x 1072¢| 3.82743 x 10-%| 1.51857 x 10° 22| 1.18171 x 10~ 1
H Bq Ci % Gy rad 121 C/kg R " Sv rem
ot iy 5 i
1 270270 x 107" ) 1 100 = 1 3876 3 1 100
i1 ® B 2
3.7 x 107 1 0.01 1 2.58 x 107 1 0.01 1

(86 % 12 A 26 HHTE)



Program CCOM-Coupled-channels Optical Model Calculation with Automatic Parameter Search-
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