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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 axe also shown.
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1 Introduction

Optical model is one of important methods for the evaluation of the nucleax 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[l] and CASTHY[2] were developed at the Nuclear Data Center

in JAERL 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-chann6ls 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 = HA + H. + T + V,

where HA and H,, are Hamiltonians of the target and projectile, respectively. T and V

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 (D.,, in the state n is the eigen

- 1 -
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function of HA: HA(P,, Expanding by angular momentum, the total wave function

is written as

'OJM -'frM (r), (2)

C'J'M

'OJ =
C [ lily, D x, ]i ID.(I) I JM' (3)

where c is the channel of reaction representing 1, j, n}, f(r) shows the radial dependence of

the wave function for the channel c I is the spin of the taxget in the state n, Y is spherical

harmonics, X, is the wave function of the projectile having the spin and [Oil =

(i1i2M1M2 IJM)Ojl Oj, From Eq. (1) and Eq. 2) with integrating for the coordinates

except r for the wave function, the coupled-channels Schr6dinger equation is obtained,

d2 1'(1' + 1) 2
+ k fcJM (r) (V), I V 1,0&) fe" (r), (4)

dr2 r ) ,
C,

where k, indicates wave number in the channel .

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(O', R,, 1 + E O'\ O Y\O (O', 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 (r') E V\ (,r') i'\YAO(�')

A

EVA(,r) i\ I: D-\ ()*Y,1,(i)Op

A

E VA,, (r) fi-IYA'(i) 1*1 (6)
Ay

VA W) J di�V(r')i%((i�), (7)

where r' i� (O', O') and d = sin WdO'do'. The D is the D function whichM

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 CPIMK with the spin I for the level in the

rotational band is expressed as

(D'(J = DIMK (8)

- 2 -
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where OK and are the intrinsic wave function and its coordinate, respectively, and

v/'2-I+ 1. The reduced matrix element is calculated as

(PM'jV),jjIM) = j j d�dQ'CP*PM1KV\jL'PIMK

= (IAMpjVM')(PjjV\jjI) (9)

= HI-1 V\(r)(IAK0jVK). (10)(Vilvdi)

Finally, from Es. 3), 6) and 9) the coupling matrix element (V),jVj'0&) in Eq. 4 is

obtained by

XW(jj'11,; AI)W(jj'IV;AJ)(VjjV\jjI),

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 Schr6dinger equation has the form

d2 - 1(1 + 1) - 2,qk + k 2 ft (r) = 0, (12)
r2 r

where 77 is the Coulomb parameter: 77 = Z Z'e 2[t/h2 k. The Coulomb wave functions F1 (p)

(regular) and Gj(p) (irregular) are the independent solutions of Eq. (12), where p kr. For

P ---> Co

Fj(p) - sin(p-,qlog2p--17r+0'j), (13)
2

Gj(p) - cos(p-?71og2p--17r+oj)1 (14)
2

o- = argI`(1+l+iq). (15)

In the case for the closed channels, the Schr6dinger equation is given by

d2 1(1 + 1) 271k 2
k 0. (16)

r2 r

The solution of Eq. (16) is given by Whittaker's function W-,7,1+112 (2p) [7], which is decreasing

exponentially. If q = 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

- 3 -
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parity are conserved through the scattering process. The C-matrix element CW for J'cc,

from the initial channel to the final channel is defined by

Fk
W Fj� (ker) J,::c, + k.' cc' c'Cj� GI (kcr) + ij,(kr)j (E > ),

fcj� (17)
W_,7cA+1/2(2krr) (E < ),

where ifc, is the solution of Eq. 4). The C-matrix is related to S-matri by

CCj; (J." - SCj;) (18)2

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,

fi (19)

fk

The wave function having the asymptotic behaviour of Eq. 17) for the initial channel c' can

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

Ji., N
ict acf', (t = ... N). (20)

fNcl

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

of Ccc, and a are obtained,

f, -Hi A F,
(21)

f2 -112 F2

where

Fi = diag (Fl (kiri).... Fic (kcri) ... FIN (kN ri)) , (22)

Gi = diag(Gl,(kiri),...,Glc(k,ri),...,G,,(kNri)), (23)

Hi = Gi + iFi, (24)

0

diag Xi, XN) = (25)

0 XN

- 4 -
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fi (26)

a ... aN

A (27)

N Nal ... aN

Oil ... 01N

(28)

ON1 ... CNN

keCc (29)
all& k, 'c.44

Here, the matching condition is that the wave functions coincide at the two asymptotic

radial points rI, r2). The matrix element of Hi will be changed to the Whittaker's function

W(2kri) in the case for the closed channel. The final result of the C-matrix is obtained

from Eqs. 21) and 29).

The cross sections of total (at), scattering (ai) to i-th level and reaction (ar) are calculated

from the C-matrix,

at = 47r V + 1 Imcci; 1 (30)E 2 (2s + 1)(210 + 1) EJr ko ccI(ni=0)

47r V + 1 2
a = E 2 (2s + 1)(21o + 1) clj:; (31)

Jr ko c&(n,/=On�=i)

Orr = 7r V + 1 1 _ I Sj; 12) (32)E 2 (2s + 1)(21o + 1) EJr ko ccI(n,,=0)

where ko and Io indicate wave number and spin of target for initial channel, respectively.

The conditions of nc = 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 at and elastic scattering cross section ao are not defined for a charged

projectile. The transmission coefficient T for the orbital angular momentum 1 is obtained

by
V + 1 j

1) 1: (1 _ ISC
T = 21 + 1 E (2s + 1)(21o ; 12) (33)

Jr ccI(n,,=0,Ii=1)

The scattering amplitude Aimmmlml from the initial state having z-projections of the spin

of the projectile (m') and target (Mf) to the final state (mM) at the i-th excited level is

- 5 -
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obtained by

47r

ko cc'(n,=in,,t=O) 1�1�1j�j�fj
MI�Mlemj�mjlmi

(1,8,MJ�MJjMj,)(jIMjMJJMJ)

x(l.,s&mi,,m'licmjct)(ic'Ic'Mi�lmlljmj)

i(Or'+UI)c Y,�Ml
Xe cc I J0,O)YCO(0,0)*, (34)

where is the scattering 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 axe calculated

by

du-
-" (0) JfC(0)J",mJMM + Aimmmm, (0)12, (35)
dQ MMMIMI (2s + 1)(2I + 1)

where fc is Coulomb scattering amplitude given by

fc(O) __,qO exp iqOlog sin2O +2ioro (36)
2ko sin 9 2)2

oo arg F( + qo), (37)

ZZ'e2 A pc2a
770 h2ko hcko' (38)

where a 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 = V f (r) + Wj gj (r) + V, h, (r) o, I Vc (r), (39)

where Vi, Wj and V, are the strength of potential of complex number and shows Coulomb

potential which is calculated from charge distribution of target nucleus. The f (r), gj (r) and

h,(r) are the form factors given by

f (r = ( 1 + e (40)

d
gi(r = -4ai-fil (41)

dr
h 2 1 d

hi (r = - - - f (r), (42)
Qc) rdr

- 6 -
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where 2.M'C
The charge distribution pr') of target is assumed to be uniform inside of the charge radius

R(F), Eq. (5), and zero outside. The Coulomb potential is expanded by the spherical

harmonics,

ZZ'e 2p(r')
VC(r) dr' Ir - r/I

zZle 2 --- IN 47r r+1
dr'E) (R(il) - r) E - > Ym (i) Ym

1M 21 + ri

3ZZ'e 2
dVY* (V) �cj (r, V) (43)Y1. m M (21 + 11�A'

IM

for R(i') r'

R(?)1+3

VcI (1 + 3)r (44)

for R(V) > r'

2 r2 (1 ri-2 (I 2),
V) - + T--2 R(id) I- 2 (45)

1 + 3 r, log E�ta (1 2),
r

where r< = min(r, r'), r> = max(r, r') and E(x) is the step function

E) (x) = (X 0), (46)

1 (X > 0).

The V is volume of charge distribution and A is the ratio to the volume of the sphere of

radius RO,

Vo dr'E) (R(V) - r') (47)

2

4,7r + 1>12 + 1 1: 12 3 11 12 13 011012011 (48)
3 1 6 V/7r 111213 0 0 0

A 3 Vo (49)
3

47rRO

The expanded potentials, Eq. 7) and (43), axe calculated by the numerical integration of

optical potentials at radial grid points to solve the Schr6dinger equation, Eq. 4).

3.2 Solution of Schr6dinger Equation

The Schr6dinger equation, Eq. (4), can be written simply as

d2
- fi (r) Vj (r) fj (r), (50)

Wr2

7 -
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and by vector representation,

f " (r = V (r) f (r). (51)

The modified Numerov method[81 is used to integrate Eq. (51). It is obtained from the

Taylor's expansion of f (r) with Eq. (51),

h2
�(r + h) f (r + h - -f"(r + h)

12

2f (r) + 5f"(r - f (r - h) + h2 f"(r - h) + O(h 6)
6 12

2�(r - �(r - h) + u(r) + O(h 6), (52)

u(r) h 2f 11 (r)

h2
-C(r)

- h2V(r)/12

h 2 V 1 + h2 V (r) (r) + 0 (0) (53)
1 2

and

1
f (r = C(r) + -u(r). (54)

12

The value of the i-th solution at matching radius is obtained by Eq. 52) and Eq. 54) with

neglecting the terms of 0(h') using the initial value of

Ci (0 = 0, (55)

O

0

(56)

0

0

(kh)1+1 (57)

(21 1!!'

k " 2jpz E-- V (0)

V h2

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

• ca1c. cpp, ca.1c. h: main calculation functions

functions:

- cmatrix: calculate C-matrix

- smatrix: calculate S-matrix from C-matrix

- scat-amp: calculate scattering amplitude from Gmatrix

- 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

• cb1as-mat. cpp, cb1as-mat. h: matrix class

classes:

- cblass-matrix-z: matrix class of complex number used to call CBLAS functions

used in the function solve.

• 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

• const.h: define some physical constants

hc, fine-structure constant a, atomic mass unit ...

• f it. cpp, f it. h: fitting functions

functions:

- fit: main fitting function; iterate up to the convergence

- calx: obtain cross sections for all experimental data points

- expb-f: make a vector of difference between experiment and calculated values

multiplied by the weights of inverse of experimental errors

- expb-df: make Jacobian matrix, derivative of calculated values by parameters

- 9 -
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• f unc. cpp, f unc. h: special functions

spherical harmonics, coulomb wave functions, Clebsch-Gordan coefficient, Racah coef-

ficient, . . .

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

classes:

- es-data: contain the experimental data

- Sys-param: parameters to define system of scattering

- Cal-pavam: energies and angles to calculate as final results

- Input-param:contain all input parameters

• 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

- geLomp-id: calculate optical potential from the list of input parameters by the

formula of id

• 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

• s o 1v. cpp, s o 1v. h: functions to integrate Schr6dinger equation

functions:

- gcouple: calculate angular momentum dependent coupling coefficients

- set-vcouple: calculate coupling matrix elements

- set-u: calculate u, Eq. 53)

- solve: integrate Schr6dinger equation by the modified Numerov method and ob-

tain the wave function at matching radius

• system. cpp, system. h: define system of scattering

classes:

- 10 
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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, 1, 1', s, s', j, j, J71

- 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.

ivoid get-omp-omO(System *sys, valarray<double> &p,
2 valarray<double> &omp, valarray<double> &beta)

3

4 double en=sYs->energy-1ab;
5

6 int z=sys->targ.z, a=sys->targ.a, n=a-z;
7 double eta=doub1e(n-z)/double(a);
8

9 double vO, r, a;
10
11 omp.resize(21);
12

13 for(int i=O, i3; i<7; i)j
14 i3=i*3;
15 VO=O;

16 rO=O;
17 aO=O;
18 switch(i)f
19 case 0: // V
20 vO=-(p[O1-p[11*eta-p[21*en);
21 ro=p[31;
22 aO=p[41;
23 break;
24 case 1: // W
25 break;
26 case 2: // Vs
27 break;
28 case 3: // Ws
29 vO=- (p [51 -p [61 *eta+p [71 *en)
30 rO=p[81;
31 ao=P[91;
32 break;
33 case 4: // Vso
34 VO=-P[101
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35 r0=p[III;
36 aO=P[121;
37 break;
38 case 5: // Wso
39 break;
40 case 6 // Vc
41 VO=sYs->getzz();
42 rO=P[131;
43 break;
44 default:
45 break;
46 1

47 omp[i3l=vO;
48 omP[i3+11=rO;
49 omp[i3+21=aO;
50 1

51 beta.resize(2);
52 beta [0 = 141
53 beta[11=P[151
.54

The lines 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 = i, (58)

OMP[i 3 1] = ri, (59)

OMP[i 3 2 = aj, (60)

beta[i] = 02(j+l), (61)

where i = 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 47 define E, Zt, At, etc. The line 950 calculate OMP parameters

and the line 51-53 define .

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

1 void get-omp-suk2OO3(System *sys, valarray<double> &p,
2 valarray<double> &omp, valarray<double> &beta)
3

4 double enO=sys->energylab, en, en2, ef;
5

6 int zp=sys->proj.z, z=sys->targ.z, a=sys->targ.a, n=a-z;
7 double c, cl, c2, eta=double(n-z)/double(a), a3=pow(a, 1./3.);
8
9 double v, r, a;

10

12 -
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11 omp.resize(21);
12

13 if(zp && sys->efp = )
14 ef=sys->efp;
15 else if(zp == & sys->efn 0)
16 ef=sys->efn;
17 else
18 ef=P[351;
19
20 en=enO-ef;
21 en2=en*en;
22

23 co= z > ? 1 1;

24 cl=l+cO*P[281*eta/(p(01+p[ll*(a-232)+p[41);
25 c2=(P[51*P[41*exp(-p[51*en)-p[21-2*p[31*en)*cl;
26

27 for(int i=O; i<7; i)�
28 vo=o;

29 rO=O;
30 aO=O;
31 switch(i)l
32 case 0: // V
33 vo=(p[ol+p[ll*(a-232)+p[21*en+p[31*en2 p[41*exp(-p[51*en))*cl
34 +p[271*z*zp/a3*c2;
35 vo*=-1 ;

36 rO=p[171*(I-p[181*en2/(en2+p[161*p[161));
37 aO=P[19]+P[201*en;
38 break;
39 case 1: // W
40 vo=-P[101*en2/(en2+p[lll*p[lll);
41 rO=P[231;
42 aO=P[241;
43 break;
44 case 2 / Vs
45 break;
46 case 3 / Ws
47 vO=-(p[61+p[71*(a-232)+cO*p[291*eta)*exp(-P[81*en)
48 *en2/ (en2+p [91 *p [91
49 rO=p[211;
50 aO=P[221;
51 break;
52 case 4 // Vso
53 vO=-p [121 *exp (-p [131 *en)
54 rO=p[301;
55 aO=P[311;
56 break;
57 case 5: // Wso
58 vO=-p[141*en2/(en2+p[151*p[151);
59 rO=P[301;
60 aO=P[311;
61 break;
62 case 6 // Vc
63 vo=sys->get-zzo;

- 13 -
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64 rO=P[251;
65 break;
66 default:
67 break;
68

69

70 int i3=i*3;
71 omP(i31=vO;
72 omP[i3+11=rO;
73 omp [i3+21 =aO;
74

75

76 if(sys->beta.size > )f
77 beta.resize(sys->beta.sizeO);
78 beta=sYs->beta;
79 1

80 elsef
81 beta.resize(3);
82 beta[01=p[32 ;
83 beta[11=p[331;
84 beta[21=p[341;
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 Pararneters

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 vall va12 - - " 

The units used in the input and output are MeV, mb and fn for the energy, cross section

and length, respectively. For the angular distributions of the cross section, dq, mb/sr is useddQ
with the angle in degree.

• comment

#: comment out until end of line

/* ... */: comment out from to */77

• system: define system

14 -
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- system: add new system; system is identified by the number 0, 1 2,

- za Zp Ap mp Zt At mt: proton number, mass number and mass of projectile and

target

- lev I r Ex: add level of spin I, parity 7r(+/-), excitation energy Ex

- ef ermi c c.: Fermi energy for proton and neutron (used for some OMP

parametrisation)

- beta 2 34 ... ): deformation parameters

- mesh r,,, N: matching radius and number of mesh points (should be defined before

the tag system)

- jmax J: maximum of total angular momentum to calculate (should be defined

before the tag system)

- vimax A,.,,: maximum angular momentum for multi-pole expansion of potential

(should be defined before the tag system)

• calculation: make final result

- ene ( El, E2, ... ): incident energies to be calculated (should be defined before

the tag calc)

- angle Na, A,,: number of angles, increase of angle for angular distribution (should

be defined before the tag calc)

- calc ( i j ... ): make calculation for the system i, j,

• experimental data: used for fitting

- data: beginning of experimental data

- range El E2: experimental data used in the range from El to E2 (should be

defined before the tag ene)

- system i: define the system number

- ene E: define incident energy

- tot at Act: total cross section and error

- reac a, Aor,: reaction cross section and error

- so So ASO: s-wave neutron strength function and error in the unit of 10-4

- si Sl AS,: p-wave neutron strength function and error in the unit of 10-4

- r, R' AR': scattering length and error

- 15 -
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- scat i j etag

0 0 Acro

0 a AO-1

etag:

angular distribution of sum of the cross sections scattering to the levels between i

and j. Oi, o-i and Ao-i 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

9 others:

- param id,,,,p ( po p, ... ): parameters to calculate optical potentials; can be used

for fitting. id,,,p defines the OMP parametrisation to be used.

- output f i1e: file name of output. means standard output. If this tag is not

used, output file name is input.out for input file input.in.

- f it ( i j... ): parameters pi, pj, to be used for fitting

- end: end of input

5.2 Example of Input File

5.2.1 Example 1: Simple Calculation

This is an example of the calculation for 238U + n system coupled levels using the optical

optential of Ref. [101.

Itesti.in

1 # -------------------- system --------------------
2 system # 0 92- U 238
3 za 0 100866 92 238 238.051
4 lev 0.00 + 0.00000
, lev 2.00 0.04491
6 lev 4.00 0.14841
7 lev 6.00 0.30721
8 lev 8.00 + 0.51830
9 # -------------------- calc --------------------

lo ene ( 2 
ii angle 19 10 0 10 20 ... 180
12 calc ( 0 )
13 # - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

14 param oml 51.32134 24 057 020 1256 062
15 5.04567 12 040 0.001 126 0.58
16 6.0 112 0.5 13 0198 0057
i7 end

- 16 -
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The default values of i max 40, vlmax = 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.

ltestl.outl

i param oml 51.3213 24 057 02 1256 062 504567 12 04 0.001 ....
2 --------------------------------------------------

3 system za 0 1 100866 92 238 238.051 nlev 5
4 --------------------------------------------------

5 0: Energy: 
6 cross section: 6929.04 2764.52 3788.55 324.37 50.6842 0913304 000253666
7 En, SO, S1, RI: 0655753 135069 549075
8 En, transmission coefficient: 0411152 0625599 0203342 012236 ...
9 angular distribution
io0 1832.45 1811.45 11.0627 96828 0255607 0000153664
ii 10 1736.25 1714.76 11.6258 961084 0249071 0000154146
12 20 1476.17 1453 13.5475 938442 0230463 0000154378
13 30 1125.5 1099.09 17.2303 89776 0202534 0000151723
14 40 772.191 741.03 22.6279 836426 0169133 0000144273
i5 50 486.817 450.289 28.8558 753802 0134356 0000132361
16 60 303.227 262.203 34.3925 652956 0101771 0000118423
17 70 217.042 173.816 37.7385 541309 00739624 000010579
i8 80 197.881 155.473 38.0591 429596 00524101 9.78078e-05
19 90 206.71 167.969 35.4114 32915 00376043 9.81145e-05
20 100 210.89 177.846 30.5302 248474 00292099 0000111437
21 110 193.006 166.61 24.4631 190717 00262382 0.000143388
22 120 152.561 132.662 18.3376 153377 0.0272633 0.000198327
23 130 101.484 86.877 13.272 130371 00307095 0000276061
24 140 55.7336 44.3337 10.2117 115265 00351412 0000369591
25 150 26.5626 15.9295 955475 103845 00394547 0000465788
26 160 15.4528 3.68044 10.7807 0.948095 0.0429239 0.000548909
27 170 15.2476 1.78423 12.5303 0.887338 0.0451359 0.000604938
28 180 16.578 2.33906 13.3267 0.865736 0.0458924 0.000624663
29

30

31# 1: Energy: 2
32# cross section: 2 7189.9 3124.2 3495.34 443.079 111.428 15.4311 0.422913
33# En, SO, S1, RI: 2 0.551698 0.938799 5.274
34# En, transmission coefficient: 2 0.48919 0.707341 0.382783 0.587136 ...
35# angular distribution
360 3662.72 3617.48 29.0254 12.9286 3.24841 0.0326258
37 10 3298.52 3254.94 27.479 12.8424 3.22817 0.0320615
38 20 2387.83 2346.73 25.2643 12.6549 3.15435 0.0304472
39 30 1346.93 1304.44 26.9131 12.5536 2.99691 0.0280002
Q 40 553.536 504.12 33.9179 12.7424 2.7311 0.0250345
41 50 154.558 96.1319 42.7727 13.2714 2.35967 0.0219209
42 60 70.1936 6.35024 47.999 13.9034 192191 0.019071
43 70 128.4 65.9575 46.7659 14.1764 148347 0.0169532
44 80 192.825 137.277 40.763 13.658 1.11104 0.0161454
45 90 208.609 161.217 34.3484 12.1807 0.8455 0.0174033
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46 100 180.359 138.465 31.2792 99029 0689625 00216317
47 110 132.553 92.1998 32.4688 723748 061741 00296131
48 120 85.8746 44.9148 35.6167 470617 0595372 00415236
49 130 53.6057 13.3379 36.8889 272362 059875 00565461
50 140 45.7899 9.4653 34.2125 142488 061432 0072917
rl 150 68.3418 37.4305 29.4917 0696124 0635037 00884175
52 160 114.961 87.3026 26.5551 0346579 0655298 0100983
53 170 162.735 135.15 26.5893 02159 0669952 0109097
54 180 183.057 154.887 27.1944 0.1880 0675284 0111894

The line 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, Ist inelastic, 2nd inelastic, .... The transmission coefficients are shown at

the line 8, where the values are lined in the order of incident energy, To, , T2, ... , 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/fprint 21, testlout

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.

Itest2.17
I # -------------------- system --------------------
2 system # 0 92- U 238
3 za 0 100866 92 238 238.051
4 lev 0.00 + 0.00000
5 lev 2.00 0.04491
6 lev 4.00 0.14841
7 # -------------------- calc --------------------
8 ene ( 0. 02 03 04 0.5 06 07 0. 09

9 12 14 16 1. 2 25 3 35 4 6 7 9
10 10 12 14 16 18 20 
ii angle 2 # no angular distribution

12 calc 0 # energy dependence

13

14 ene 3.4

i5 angle 91 2 # 0 2 4 6 ... 180

16 calc 0 ) # angular distribution

17# - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- 1 -
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18 param oml 51.32134 24 057 0020 1256 062
19 5.04567 12 040 0.001 126 0.58
20 6.0 112 0.5 13 0198 0057
21 fit ( 2 6 
22#-------------------- data --------------------

23 data
24 SySteM 0

25 ene 0.0001 s 12 0.1 sl 17 03 r 96 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 556785
34 ene 3 tot 7858.7 665072
35 ene 3.5 tot 7968.68 788627
36 ene 4 tot 7994.81 859415
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. 497937
41 ene 14 tot 5853.65 575409
42 ene 18 tot 6147.31 501827
43 ene 20 tot 6213.03 5.29372
44

45 scat 0 0-----
46 2.0100000e+Ol 2.8672000e+03 1.7490000e+02
47 3.0100000e+Ol 1.5405000e+03 9.5500000e+Ol
48 4.0200000e+Ol 3.1000000e+02 2.3900000e+Ol
49 4.5200000e+Ol 1.4470000e+02 1.1700000e+Ol
50 5.0200000e+Ol 2.7700000e+Ol 3.4000000e+00
51 6.0200000e+Ol 3.7100000e+Ol 5.4000000e+00
52 6.5200000e+Ol 8.4600000e+Ol 8.2000000e+00
53 8.0200000e+Ol 1.1390000e+02 1.2200000e+Ol
54 8.5200000e+Ol 1.0560000e+02 9.8000000e+00
55 9.0200000e+Ol 8.7400000e+Ol 8.7000000e+00
56 1.0020000e+02 3.3400000e+Ol 4.2000000e+00
57 1.0520000e+02 2.7000000e+Ol 3.6000000e+00
58 1.1020000e+02 1.0700000e+Ol 1.9000000e+00
59 1.2020000e+02 2.5000000e+00 7.0000000e-Ol
60 1.3020000e+02 5.8000000e+00 1.5000000e+00
61 1.4020000e+02 1.4500000e+Ol 2.7000000e+00
62 1.5010000e+02 2.4600000e+Ol 3.7000000e+00
63 1.6010000e+02 3.3900000e+Ol 4.4000000e+00
64 - - - - -

65

66 scat 1 1 -----
67 4.0200000e+Ol 8.2200000e+Ol 9.7000000e+00
68 4.5200000e+Ol 6.1900000e+Ol 6.6000000e+00
69 5.0200000e+Ol 4.5900000e+Ol 6.2000000e+00
70 6.0200000e+Ol 3.6500000e+Ol 5.9000000e+00
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71 6.5200000e+01 4.3900000e+Ol 5.1000000e+00
72 8.0200000e+01 5.1300000e+Ol 7.4000000e+00
73 8.5200000e+01 5.0300000e+Ol 5.8000000e+00
74 9.0200000e+01 5.2900000e+01 5.8000000e+00
75 1.0020000e+02 3.0700000e+01 4.1000000e+00
76 1.0520000e+02 2.0400000e+01 3.1000000e+00
77 1.1020000e+02 1.7200000e+Ol 2.8000000e+00
78 1.2020000e+02 1.0400000e+01 2.1000000e+00
79 1.3020000e+02 3.4600000e+Ol 4.6000000e+00
so 1.4020000e+02 4.3000000e+Ol 5.2000000e+00
81 1.5010000e+02 2.8400000e+Ol 3.9000000e+00
82 1.6010000e+02 1.9900000e+01 3.1000000e+00
83 - - - - -

84

e5 scat 2 2 -----
86 4.0200000e+Ol 2.1900000e+Ol 4.5000000e+00
87 4.5200000e+Ol 2.2200000e+Ol 3.5000000e+00
88 5.0200000e+01 1.5800000e+Ol 3.5000000e+00
89 6.0200000e+01 1.2200000e+01 3.3000000e+00
90 6.5200000e+01 9.9000000e+00 2.1000000e+00
91 8.0200000e+Ol 9.0000000e+00 2.8000000e+00
92 8.5200000e+Ol 9.9000000e+00 2.2000000e+00
93 9.0200000e+Ol 1.0100000e+01 2.6000000e+00
94 1.0520000e+02 9.7000000e+00 2.2000000e+00
95 1.1020000e+02 8.4000000e+00 2.0000000e+00
96 1.2020000e+02 6.8000000e+00 1.8000000e+00
97 1.3020000e+02 6.6000000e+00 1.7000000e+00
98 1.4020000e+02 4.8000000e+00 1.5000000e+00
99 1.5010000e+02 3.9000000e+00 1.3000000e+00

100 1.6010000e+02 3.1000000e+00 1.1000000e+00
101 -----
102 dend
103 end

The parameters to be fitted is shown at the line 21. In the oml parametrisation, p[01

and p 21 are constant and linear terms of energy dependence of real potential, respectively,

and p[61 and p[81 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 26. 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.
Itest2.out]

1 # param oml 51.3213 24 057 002 1256 0.62 504567 12 0.4 0.001 1.26 0.58 ...
2 # fit ( 0 2 6 
3 # fitting started
4 # iter: 0 x = 51.3213400 0.5700000 5.0456700 0.4000000 lf(x)l = 142.68
5 # iter: I x = 52.2212321 0.5886197 5.1215875 0.5132671 lf(x)l = 72.1206
6 # iter: 2 x = 52.0315561 0.5575361 5.1235479 0.4939006 lf(x)l = 66.3312
7 # iter: 3 x = 52.0803911 0.5601253 4.9158329 0.5312031 lf(x)l = 66.0273
8 # iter: 4 x = 52.0769483 0.5571478 4.8741173 0.5409622 lf(x)l = 65.9834
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9 # iter: 5 x = 52.0802561 0.5565554 4.8467365 0.5468730 lf(x)l = 65.9735
io# iter: 6 x = 52.0810143 0.5561466 4.8358709 0.5492956 lf(x)l = 65.9715
11# iter: 7 x = 52.0814727 0.5559865 4.8307129 0.5504341 lf(x)l = 65.9708
12# iter: 8 x = 52.0816644 0.5559102 4.8284067 0.5509443 lf(x)l = 65.9706
13# iter: 9 x = 52.0817541 0.5558761 4.8273536 0.5511770 lf(x)i = 65.9706
14# iter: 10 x = 52-0817945 0.5558606 4.8268760 0.5512826 Jf(x)1 = 65.9705
15# P(O) = 52.08179 0.00892 1.000 0409 -0.709 0.515
16# PM = 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
18# P(3) = 0.55128 0 .00749 0.515 0.029 -0.836 1.000
ig status = success
20 param oml 52.0818 24 0555861 002 1.256 062 482688 12 0.551283 0.001 ...
21 --------------------------------------------------

22 system 0 za 0 100866 92 238 238.051 n1ev 3
23 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

24 0: Energy: 0.1
25 cross section: 0.1 11975.1 3167.02 8796.25 11.865 
26 En, SO, S1, RI: 0.1 0639172 263677 83665
27 En, transmission coefficient: 0. 012673 011523 000191502 5.78636e-05 ...
28

29

3o 1: Energy: 02
31 cross section: 02 11018.1 3408.16 7563.34 46.4354 0155721
32 En, SO, S1, RI: 02 0632752 265966 775804
33 En, transmission coefficient: 02 0.177423 0.269376 0.009617 0.000656405 ...
34 . . . . . . . . . . . . . . . . . . . . . . . . . . . .

The lines 4-14 show results for the each iterations. The last column shows (y, - f,)2/a?,

where yj and ai are the experimental data and its error for fitting, respectively, and fi 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. rom the line 21, the final calculated cross sections axe shown. The

result of fitting is shown in Fig. 1.

Total Cross Section, U-238 + n
12000 Inital -------

Final
11000

10000
E
0. 9000

(n 8000
U)
2

7000

6000

5000
0.1 I 10

En(MeV)

Fig. 1: Total cross sections calculated by initial and final parameters in the fitting.
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