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ABSTRACT

In this report is given the listing of a FORTRAN program for

calculating the scattering of nucleons from a nonlocal optical potential.

The mathematical formulation of the problem is given, together with the

numerical methods used in the code. The input to the program is ex

plained and a brief functional description of each subroutine of the code

is given.
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INTRODUCTION

This version of the FORTRAN program for calculating the elastic

scattering of nucleons by a nonlocal optical potential grew out of many

attempts at the numerical solution of the problem. The author regrets

that many of the idiosyncrasies of the earlier versions of the code have

been retained (originally, to facilitate intercomparison of the codes),
but he did not think it worthwhile to rewrite a code of this magnitude to

eliminate some of the clumsiness in the programming.

The physical justifications, mathematical formulation, and compari

son with neutron experimental data up to 2k Mev are given elsewhere.1 The

mathematical formulation of the problem is given again in this report to

facilitate understanding of the limitations of the numerical solution and

of the coding. Also given are a description of the input parameters and

their restrictions, a brief description of each subroutine, and the flow

of logic of the calculation. The listing of each subroutine and some test

cases are presented as an appendix.

MATHEMATICAL FORMULATION

The integrodifferential Schrodinger equation is

h_
2M

V2 +Ej $(r) = (Usp + i¥sp) S(r) L.£+ Vc(r) f(r)

+ / V(r,r') \Hr') dr', (l)

where M is the reduced mass of the incident particle and E its energy in

the center-of-mass system of coordinates.

The kernel V(r,r') is taken to be separable and is written in the

form

V(r.r') = U 2 (r + r1) H(|r - r'|). (2)

1. F. G. Perey and B. Buck, Nuclear Phys. 3_2, 353 (1962).



It would have been preferable to take — |r_ + r' | for argument of U, but

this complicates very much the calculation, and the simpler choice in

dicated in Eq_. 2 was made. Hence v(r_,r') depends on the variables r, r'

and cosX, where X is the angle between the vectors r and r'.

H(r,r') is chosen to be a gaussian function:

r K 2 -|

exp

H( r'l) =
P

rt3/2 p3
(3)

which is normalized so that

H( |r - r'|) dr' = 1. (k)

We define

p = 2 (r + r')« (5)

The form chosen for U(p) in Eq. 2 is similar to those employed in local

optical model calculations:

where

fs(p)

U(p) = (Vq + iWj f„(p) + iW^ fjp),
S "S' S D Ds

(6)

a„

1 +• exp

fD(p)^exp^^)[l+«p(Lli!B

R - r A1'3 (7)
S ~ OS > ^"

% = W
1/3 (8)

Here fq(p) is a Saxon form factor, while ^(p) gives a surface imaginary
term of the Saxon derivative type which has unity at its maximum value.

Note that the variable is p and not r, as in local calculations.



The spin-orbit function in Eq. 1 is

r - R„
exp

s<r> - (&) ^
ar

(9)
r - R„

1 + exp
a-

where M is the nucleon mass. The function S(r) is often defined with M as

the pi meson mass; in this case the coefficients Uar, and WOT, in Eq. 1 are
bP SP

smaller by a factor of 180.59.

The coulomb potential in Eq. 1 is assumed to come from a uniform

charge distribution of radius R and is therefore

Vc(r)

Vc(r)

Zeg

2IL

Zeg

r

3 -
rf.

for r g R ,

for r > R. (10)

The functions f(r), f;(r'), and V(r,r') in Eq. 1 are expanded in
partial waves:

tf(r) = Vr) c.1is
r mAcr

j.0m

{iJ *>,♦) xa,C3-7

U- I«»vr / ^t0 t= IV*"* ' cJ'i,B' ii^' YA'(e' *•)f(r') =

j'i'm'

gT(r,r')

LM

a'

s"

(11)

(12)

(13)



Substitution of Eqs. 11-13 in Eq. 1 yields the following equation for the

radial functions u..(r):
3*'

2M

.2 r 2
a £(£ -t- 1)

dr
Uji(r) +EUj/r)

00

(Ugp + iWgp) S(r) T(ji) + Vc(r) Uji(r) + ,(r,r') u^(r') dr',

(Ik)

where

T(ji) =j(j +1) -i(i +1) -J. (15)

From the expansion of V(r,r') we easily obtain

g.(r,r') = 2rt rr' U I(r +r')

+1
exp

r - r'

P

i?/z p3
P^(coaX) d(cosX). (16)

Now let

?i(r,r') = U - (r + r1 h^(r,r'). (17)

Then, a straightforward evaluation of the integral in Eq. 16 gives

h.(r,r") = —t exp r + r' K,(z), (18)



where

.£Kg(z) =2i z j^(-iz),

z = 2
rr'

P *

(19)

(20)

In Eq. 19 j»(x) is a spherical Bessel function. The following ex

pression for K.(z) is analytically exact for all z:

£+1K,(z) = Q,(z) exp(z) + (-)*+J- Q (-z) exp(-z),

where Q*(z) is a finite polynomial in z"1, given by

Q^z) =^ V-^ (-z)"S, AQ(i) =1,
S=0

AgU) = l(i -t- l) - S(S + l)
2S

Thus we obtain the exact expression

h (r,r') = 1

r&/z p «^2F

vi-t-1 rr'

♦<-> «j(-2^- 'ex*

exp

Vi(i)-

r - r 0'}
r + r1

(21)

(22)

(23)

(2U)

When z is small, the exact expression (2l) is not useful for numerical work

because of large cancellations between the component terms. Hence for small

z it is better to expand K.(z) as a power series in z:

oo

K£(z) =CU) zi+1 Y BS(J) zS,
s=o

(25)



C(i) =(2i A) 11 ' Bo(i) =^ BiU)

BS-2U)
BSU) =S(S +~2i + 1) *

(26)

(27)

The expansion (25) is used until more than a preassigned number of terms

are required to obtain an accuracy of one part in 103. Then the exact form

(2k) is employed.

Various methods were tried for solving the integrodifferential Eq.

Ik; the one which proved the fastest was an iteration procedure. In order

to start the iteration and to improve on the convergence of the method, use

is made of the local WKB (Wentzel, Kramers, and Brillouin) approximation

to the nonlocal potential. We are going to replace the integral of Eq. 1

by an approximate local expression involving only r. The integral in

Eq. 1 can be written

I = U I (r + r1)
exp

P

^/s p3
^(r1) dr'. (28)

Note that in order to derive the WKB approximation the argument of U is

o ^£ + £*)• The approximate expression we want is of the form

I = U (r) f(r)

Let

r = Bs,

1 *l
so that 5- (r + r') = r + —ps_. Substitution in the integral gives

I=Ju (r +I psj exP(~sp f(r +ps) ds.

(29)

(30)

(3D
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Using the operator form of the Taylor expansion, the integral I can be

written as an operator expression:

I = exp Ps \ Vi +V2)] eXp(/f} ds|u(r) 4(r), (32)
where

Vj_ operates only on U(r), V2 operates only on \(r). (33)

Treating the expression — Vx + V2, for the moment, as an algebraic quantity,

the integral over ds_ is easily evaluated and the following operator form

is obtained for the integral:

I = exp fr (I vi+ ^ U(r) $(r). (3*0

Making the approximation that Vx operating on U can be neglected, since in

the interior of the nucleus U(r) is isotropic, then

I~U(r) exp f fp^ ^(r). (35)

By substituting the form in Eq. 29 for the integral in Eq. 1 and neglecting

the spin-orbit potential,

Vs f(r) = 2M

il2
E -Vc(r) - UL(r) f(r). (36)

In Eq. 35 "the approximation is made that the operator V can be replaced

by its numerical value as given in Eq. 36; the desired result is then

obtained:

UL(r) = U(r) exp MP

2ft:2 lE "VC(r) -UL(r) (37)
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In the program Eq. 37 Is solved by an iteration procedure at the

first mesh point and calculated at all other mesh points by integrating

the differential equation obtained by the differentiation of Eq. 37*

The iteration scheme will now be explained, but to simplify the

notation, let

Eji =E"i(i 21} +(usp +iwsp} s(r) T(ji) "vc(r); (38)

then Eq. 1^ is rewritten as

h ^Vr) +E>> Vr)
A,

g^(r,r*) u (r>) dr'. (39)

The upper limit R^ is the radius at which the kernel function becomes

negligible; that is, g (r,r') = 0 for r,r' § R^. Thus R^ is the radius
for which the solutions u(r) are matched to the free-state wave functions

in order to obtain the scattering matrix elements. The details of the

computation of the free-state Coulomb functions and of the S-matrix

elements are very similar to those of ref 2.

When the local WKB potential U is subtracted from both sides of
Li

Eq. 39 and the subscripts j£ are dropped for clarity, then

2 2
-K_ d
2M „ 2

dr

u(r) + E*(r) - UT(r) u(r)

?M
,(r, r') u(r') dr' - U (r) u(r) (ko)

If the suffix n denotes the nth-order approximation to the correct solu

tion, the iteration procedure is written

2. B. Buck, R. N. Maddison, and P. E. Hodgson, Phil. Mag. 5_, ll8l (i960)



if.
2M

dr2
uQ(r)+ E*(r) -

2M "tV^ E*(r) - UT(r)
Li

UL(r)

u (r)
n

uQ(r) = 0,

P^M
gg(r,r') un->1(r') dr' -UL(r) u^r)

(kl)

(k2)

Notice that Eq. ^-1 for u (r) is a homogeneous local wave equation

so that the scheme is easily started. The inhomogeneous iterations, Eq.

k2, now yield a set of functions u (r) which rapidly converge to the true

solution u(r). The iteration is continued until the logarithmic deriva

tive at R^, obtained from u , agrees to within a preassigned percentage

with that obtained from u ,.
n-l

DESCRIPTION OF INPUT TO THE CODE

Since the nonlocal matrices h.(r,r') (Eq. 18) are only a function

of P, the nonlocality range, they need be calculated only once for all

computations using the same value of P and the same integration mesh size.

Therefore provision is made in the code to generate and update a

"library tape" of matrices h.(r,r')« Since, frequently, several calcula

tions are made successively while the code is in core and since searching

the library tape for the appropriate h.(r,r') would be time-consuming,

provision is made in the code to write the matrices h.(r,r') on a scratch

tape to be used for several computations.

The code has therefore three functions: to generate nonlocal matrices

to be added to a library tape of nonlocal matrices (on logical tape 3)>

to transfer nonlocal matrices from the library tape to a scratch tape

(logical tape l), and to do a nonlocal optical model calculation using the

nonlocal matrices on logical tape 1.
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Most of the input numbers to the code are in floating-point format

(the number may be anywhere in the field indicated but must have a decimal

point punched), except a few specifically indicated control integers, which

are in fixed-point format (no decimal point, and the number must occupy the

right-most position in the field).

The three functions of the program are controlled by a Master

Control Card, which must precede every calculation. The system is de

scribed below:

MASTER CONTROL CARD

Column 1

If = 1: Function I

If = 2: Function II

If = 3: Function III

Function I: Calculation of nonlocal matrices

First Card: Master control card

Second Card: Matrix parameters (format ifF10.8,312)

Column 1-10: h , step length (in fermi) of last set of matrices
SI

on tape

11-20: P , nonlocality range (in fermi) of last set of
cl

matrices on tape (to start a new tape h = P = 0
a a

or blank)

21-30: II , step length (in fermi) of new matrices to be

added to tape

31-^-0: p , nonlocality range (in fermi) of new matrices to

be added to tape

Ul-^2: N„ (fixed point), number of partial waves (a maximum

of 25 partial waves may be used)

kji-kk: N (fixed point), number of terms in asymptotic ex

pansion of h. (r, r'); may be left blank, in which case

5 terms will be used but up to 10 terms may be used
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k5-k6: I , if = 01, a list of the matrices on the tape will

be printed;

if = 00 or blank, no list will be printed

Function II: Transferring nonlocal matrices from logical tape 3 "to

logical tape 1

First Card: Master control card

Second Card: Matrix parameters (format 2F10.8)

Column 1-10: h , step length (in fermi) of matrices to be

transferred

11-20: p , nonlocality range (in fermi) of matrices to be
a

transferred

Note: The matrices must be on logical tape 3j otherwise, a tape error

will occur

Function III: Nonlocal optical model calculation

First Card: Master control card

Second Card: Experimental parameters (format 5F10.8)

Column 1-10: ELAB, laboratory energy (in MeV) of incident particle

11-20: AMT, mass of target nuclei (in AMU)

21-30: AMI, mass of incident particle (in AMU)

31-^-0: ZT, charge of target nuclei (in electron units)

^-1-50: ZI, charge of incident particle (in electron units)

Third Card: Optical potential parameters I (format 7F10.8)

Column 1-10: US, Saxon potential real-well depth (in MeV)

11-20: RS, Saxon potential radius parameter (r in fermi)
0b

21-30: AS, Saxon potential diffuseness parameter (aa in fermi)

31-^0: WS, Saxon potential imaginary-well depth (in MeV)

^•1-50: WD, Derivative Saxon potential imaginary-well depth

(in MeV)
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51-60: RD, Derivative Saxon potential radius parameter

(tqtj in fermi)

61-70: AD, Derivative Saxon potential diffuseness parameter

(a in fermi)

Fourth Card: Optical potential parameters II (format 3FIO.8)

Column 1-10: VSP, real-well depth of spin-orbit potential

(in MeV)

11-20: WSP, imaginary-well depth of spin-orbit potential

(in MeV)

21-30: BETA, nonlocality range (in fermi)

Notes: VSP positive gives the same convention as normal shell model;

BETA is not used except for output purposes; the calculation is

made with whatever matrices are on tape 1

Fifth Card: Numerical parameters (format 6F10.8,12)

Column 1-10: H, integration step length (in fermi) — must be the
same as the step length of nonlocal matrices on

logical tape 1

11-20: HC, Coulomb subroutine integration step length (in
fermi) (may be different from H; a value of 0.1

is satisfactory)

21-30: C, cutoff parameter in iteration scheme (percentage
difference in the logarithmic derivative between two

successive iterationsto accept convergence; the value

0.0005 is usually sufficient)

31-40: THETA1 (9 . )
y mm

41-50: THETA2 (Ae)

51-60: THETA3 (9 )
max

cr(e) will be computed from 9 . to
x ' mm

9 in A0 steps; the 0's are in
max

degrees; not more than 100 angles

are allowed; 9 . 4 ° for charged

•* particles

mm

61-62: NC (fixed point), should be greater than the number

of partial waves needed for the calculation (see

limitations below)



Sixth Card:

Column

13

Derivative control card (format II,8X,11,913); numbers

are all in fixed point on this card

1: ISP, if = 0 or blank, no spin-orbit potential

if = 1 for spin l/2 projectile and with a

spin-orbit potential

10: NV = number of parameters with respect to which the

derivatives of the S-matrix elements are desired; if

none desired, leave blank

11-13

lk-16

17-19

IPA(l) the IPA's are key numbers to

-pp./pl > indicate the parameter (see below);
there should be NV entries in the IPA

IPA(3)
vector

up to IPA(9)

Key numbers for the derivatives:

1 = US

2 = RS

3 s AS

k s WS

5 = WD

6 = RD

7 = AD

8 = USP

9 = WSP

Example: if the derivatives with respect to RS and WD are wanted, NV = 2

IPA(l) = 2, IPA(2) = 5.

Limitations in Values of Input Parameters and Error Returns

Because of the various computational techniques used and because

of the space allotted to the various arrays in the computer, the calcula

tion is either unreliable or cannot proceed if the input parameters are not

within a certain range. To the extent that those restrictions were known

to the author at the time of programming, several checks have been in

corporated in the code to test the calculation, and various messages are



Ik

printed out when an error condition is detected. The following limita

tions are known to apply to this version of the code:

1. The matching radius R^ is taken as the largest of the two fol

lowing quantities:

rosAl 3+7V r0DAl/3 +7V
The limitation on step length for a given matching radius is

R

H < J!

If this condition is not met, the code word DATA is printed.

2. For a given step length H there is a limitation on the size of

P, the nonlocality range, since at most 3° off-diagonal elements are used

in the matrix g (r,r') (Eq. 17). For the calculation to proceed, the

criterion g,(r,r + 30H) ^ gQ(R^,R^) must be met for every partial wave.
This criterion may be changed by altering the value of GRM and GIM in

subroutine NEWMAT. When the above criterion is not met, the code word

MATRIX is printed, and the calculation proceeds to the next case.

3. The value of NC should be greater than kR^ - t], where t) is

the Coulomb parameter. A value of kR^ + 5 is usually satisfactory. In

the Coulomb subroutine if the Wronskian of the free-state equation is not

1, the message COULOMB is printed and the value of NC should be checked.

k. When the iteration scheme has not converged after 25 iterations,

the message INTEGRATION is printed, indicating a breakdown of the method.

The value of the potential parameters should be modified.

5. If the value of NC is too small, the message LMAX TOO SMALL is

printed, and NC should be increased, 25 being the maximum value it may

have.

BRIEF DESCRIPTION OF THE FUNCTION OF EACH SUBROUTINE

The program contains a short main program to control the flow of

logic and a series of subroutines to perform the calculations. With one

exception the subroutines have no arguments transmitted by the calling
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program. The quantities of interest are stored in common. The main

program reads the Master Control Card and transfers control to subroutine

ADTAPE for Function I, to subroutine GETHL2 for Function II, and to sub

routine INPUTS for Function III.

Function I: Calculation of Nonlocal Matrices

The nonlocal matrices h.(r,r') are symmetric with the largest

elements along the diagonal, the magnitude of the elements decreasing

rapidly as one moves off the diagonal. Because of storage limitation,

only a band 30 elements wide on one side of the diagonal is stored in the

computer. The length of the diagonal is 100 elements.

ADTAPE: Sets up the library tape and handles the writing of the

matrices, which are obtained by calling MATRHL.

MATRHL: Controls the packing and unpacking of the matrices and

calls the subroutine HL(l,j), which computes the elements

by using Eqs. 21 or 25, depending on the size of
rr'

P

Function II: Transfer of Matrices

GETHL2: Searches the logical tape 3 for the appropriate matrices

and transfers them to logical tape 1.

Function III: Nonlocal Optical Model Calculation

INPUT4: Reads the input cards described in "Description of Input

to the Code."

SANGLE: Sets up a vector with the angles at which the cross sec

tions are to be calculated.

PRINPU: Prints the input parameters.

DATAPR: Converts the various input parameters to the same unit

system in the center-of-mass coordinate system. The match

ing radius is calculated and if there is not enough space,

the code word DATA is printed.
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VECTOR: Computes the various potentials at each mesh point, as

well as their derivatives with respect to the parameters.

The local WKB approximation is also calculated here.

COULOM: Calculates the Coulomb phase shifts and the regular and

irregular Coulomb functions and their derivatives at the

matching radius. If the Wronskian fails to be 1, the

calculation stops and the code word COULOMB is printed.

At this point a loop is entered to calculate the S-matrix elements

for each partial wave. The loop terminates when the S-matrix elements

have reached their asymptotic value of 1. With £ = 0 the loop is entered

at subroutine NEWMAT.

NEWMAT:

INTEGR:

SCMATR:

Sets up the matrix g.(r,r') = U
'£

- (r + r') h^(r,r'),

reading the h.(r,r') matrices from logical tape 1. The
Xj

matrix g.(r,r') is stored in the computer in the same

manner as the matrix h.(r,r')« If> because of the step

length used and the nonlocality range, more than 30 off-

diagonal elements are required, the code word MATRIX is

printed.

The radial equation is solved by the iteration scheme given

previously. After each iteration the logarithmic deriva

tive of the wave function is calculated and the

percentage deviation from the value obtained in the previous

iteration is compared with the input number C. If the per

centage deviation is less than C, the solution is accepted;

if it is greater than C, another iteration is done, and so

on until the criterion is met. If the criterion has not

been met after 25 iterations, the code word INTEGRATION is

printed.

The logarithmic derivative of the radial wave function is

matched to the logarithmic derivative of the free-state

wave function to obtain the scattering matrix element.
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DERIVS: If the derivatives of the scattering matrix elements are

required, they are calculated in this subroutine. The

method of calculation is given elsewhere.3

CLEAN: If spin l/2 projectile is used, the first pass in subroutine

integration is done with j = £ + l/2, and control is re

turned to subroutine INTEGR for the case j = £ - l/2.

The S-matrix elements are checked to determine whether

they have reached their asymptotic value (Re S. > O.999,
Xj

Im S. < O.OOl). If they have not, £ is increased by 1

and control is returned to NEWMAT for a new partial wave.

If the scattering matrix elements have reached their

asymptotic value, control is transferred to subroutine

SIGMAS. Each time £ is increased in the above loop, it is

verified that enough free-state Coulomb functions have been

calculated; if not, the code word LMAX TOO SMALL is printed.

SIGMAS: Calculates the differential cross sections and the polariza

tion at the angle assigned by SANGLE.

PRSIGM: Prints the differential cross section and the S-matrix

elements (next to the S-matrix elements, under the column

IT the number of iterations for each partial wave is given);

if required, the derivatives of the S-matrix elements are

printed.

3. F. G. J. Perey and B. Buck, Neutron Phys. Div. Ann. Progr. Rept.
Sept. \j 196I, ORNL-3193, p 250.
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APPENDIX

Listing of FORTRAN Subroutines

and

Test Cases for LBM-7090 and CDC-l6o4





•TYPECF0R1

DIME

C0mM

EQI.H

I ( F ( 4

1 READ

2 FORM

IF

100 CALL

G6

10 1 IF

3 CALL

G0

4 CALL

J3 = 0

CALL

CALL

CALL
IF

5 CALL

CALL

IF

6 KS = 0

IL = U

7 CAl L

IF

8 CAl L

IF

9 CALL

CAL

CAL

IF

IF

CAL

CAL
G0

RAN )

NSION F1200)

8N K

VALENCE (F(6| ),K0),(F(29),Jj),(F(5l)#KS)»
7 ) , IL ), (F (4 5 ) ,I. C ) , (F (6 3 ) , I7 )

INPUT TAPF In,?,Kfl, 17

AT (II)

( k o - i ) in n, io o, in i

A U T A P fc"

T8 I

(K8-2) 3,3*4

GETHL2

T0 I

I i\i H U T 4

SAWGLE

PR1NPU

DAI'APR

(LC) 5,5,12

VECTOR

C0UL0M

(LC-I) 6,6,14
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HLMAT(100

H E T A ), (F (

30)

7),H) (F ( 122* I) ,HLMAT)
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REWIND

READ

FORMAT

DO 3

f

6

I

NPJT

(2F I0

1 = I,3u

TAPb

.8)

I)

,BfcTAI

I,2

A ) 2,

READ TAPfc 3,h
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•TYPE(FORIRAN)

SUBROUTINE

DIMENSION

COMMON F

EQU IVALtwCE

PRINPU

F(I5Q)
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*TYPE(FO

SU

Dl
IFR

2VR

3WS

4FI

CO

EQ

I(F

2(F

3(F
4(F

5(F

6(F

7(F

8(F

9(F

N =

NN

Bl

82
DO

BT

IF

AT

GO

AT

FR
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FI

FI

IF
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rt ran
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PH
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2SI

SI

AL
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IF

2 1 =
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9 C I
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SL
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R TR A N )

HROUTlMfc COULOM

Mfc NS10 N Ab(35ll),SIGMA(5l ),F(56),FP(5I )
5 I ),GP(5 I )

MM0 N AB , S I Li MA, F , F P , G , GP
III VALENCE (AB( lQ),LMAX),(AB( 18),H),
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TsATANF (META/C I )
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8 IF

i y C3

C4

C5

G7

M =

R =

AK

R =

AK

AK

1 4 IF

12 R =

AK

G2

R =

AK

Gl

AK

G7

AK

G 1

AK

M =

GO

13 G(

GP

1 i

C5

F(

F(

AL

15 C3

C4

F(

1(A

( R M - R A ) I ii , I i , I0

= 2 . *HtlA*AK

=I0.*H»»2/I2.

= C 4 / I0 .

= G( I )

M

RA + H

l=AKS-i,3/R

PA

?=AKS-c3/R

4=AK2*G7

( M ) I3 , i3 , I2

R-H

3=AKS-L3/R

= ((2.-L4*AK2)*'i7-( I„+ C 5 * AK I)*GI )/( |.+ C 5 ♦ 4K 3 )
R-H

1=AK.S-C3/R

=((2.-L4*AK3)*G2-(l.+U5»AK2)*G7)/{I.+C5*AKI)

4=AK4+4.*G2*AK3+?.*GI -AK I
= G i

2 = AK I

= G2

I=AK3

M- I

TO 14

I ) = U 7

( I)=H*(AK4-L,7*AK?)/3.+GP( I)
i MAX+4

= AK *RM

I +2 ) =U•

L+l ) = Iu.OE-36

= L

= A|.*2 .+ I .

= A L + I •

L)=AL/^QR1F(AL**?+HFTAS)*((C3*HETA/

I. *C4 )+C.5/C5 ) »F (L+ I)-S''JRTF(C4**?+HFTA?)/

435

436

437

43ft

439

440

44 I

442

443

444

445

446

447

448

449

450

45 I

452

453

454

455

456

457

458

459

460

46 I

462

463

464

465

466

467

468

469

470

4=-
H



2C4»F(L+2)j

AL = AL- I .

L = l." I

IF(L) I6, I6, I5

16 FP( l)=AK*((HtTA+l ./C5)*F( |)-SQRTF(HETAS-
ALPHA=AK/(FP(I)*G(I)-F(I)»GP(|))

FP( I)=ALPHA*FP( I)
LI=LMAX+ l

DO 17 L=I,LI

iy F(D=ALPHA*F(L)

A L = 0 .

DO 18 i_= I,L I

AL = AL+ I .

C3=HETA/aL+AL/C5

C4=SURTF(AL**2+HfcTAS)/AL

FP(L+ I)=ak»(L4*F(L)-C3*F(L+I ))

G(L+l)=C3*G(L)/C4-r,P(L)/(C4*AK)
GP(L+l )=AK*(C4*GlL)-C3*G(l.+ l))
W =aBSF((FP(L)*G(D-F(L)*GP(D)/AK-I . )

2 0

2 I

lF(W-.nun i)

CONT TNUfc

go re 21

Gl =G3

Js.Jt- I

IF ( J - 2 )6 , 2 I

RETURN

ENP

8.2n

2 I

I. ^ *F<2))

47 1

472
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♦TYPfc(FORTRAN)

S U R R 0 U T 1 N fc

DIMENSION

IGRM U0,3u)

COMMON F

EQUI VALt^CE (F(43),f-

I ( F ( 4 7 ) , 11. ) . ( F ( 4 5 ) , l C )

2(Ff926 l ),GI ) , (F (35 I I )

3 ( F ( 2 3 I l) ,F I )

N N = N N

N = M

AL=1L

IF (AD

I R fc W 1 N L)

L0= I

GO TO

L0 = 2

READ TAPE

DO 4 1=1

DO 4 J=l

GR( I ,J) = U.

GI ( I,J) = u.

DO 5 1=1

IUP( I ) = U

ILO( 1 )= U
GO TO (6

GRM = FR(ND

G Im = F I ( N i\! )

DO 8 1= I

DO 8 J=I

J I=J- 1+ I

IS=J+I

GR( I,Jl )=FR(IS)*HLMAT(I

GI ( i,Jl )=FI ( IS)
DO 14 1=1,11

DO 13 J= M ,N

Jl=J-I + I

IF (J I-30 ) 10,10,9

N fc *J M A. T

F t in 0 ).w L M A T ( I0 0 ,3 0 ) »F I( 2 U 0 ),

G 1( I0 l! , 3 0 ) » IU P ( I0 0 ), IL 0 ( IU 0 ),F R t 2 n j )

) , (F (4 4 J, N N ) , ( F (4 9 ) , A L J ,

<F(|?26|),HLMAT),(F(A26l>,^R),

IUD ,(F(36 I I), ILO) ,(F( |0 I i) ,FR)

1,1,2

2

26

3

5

7

26

( (HLMA1 ( I , J) , 1 =
ioy

30

iou

7 ) , I. 0

>H L M A 1 ( N

hBLMAT( N

I0

i y

'HLmaT( i

j i

j i

00),J= 3IJ»

618

6 19
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621
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623

624
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629
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631
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12

13

14

15

I6

17

18

19

20

21

22

23

TO 25

+ 1

, J I

, J I

(GR

(GI

I) =

TO

INU

INU

20

I9

-I + l

(Jl -30) 16,16,15

LC = J

GO

IS = J

GR( I

GI ( I

IF

IF

IUP(

GO

C0NT

CON!

DO

DO

J I=J

IF

LC = J

GO

IS= I

GR( I

GI ( I

IF

IF

IUP(

GO

CON T

C8NT

K0= I

DO

ILPIC

DO

Kl = 1

IF
K2 = K

K3 = K

DO

ILO(

TO

+ J

, J

, J

(G

(G

1 )

TO

IN

IN

UP

2 I

I )

24
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(K

0 +

0 +

23

J)

R( IS)*HLMAT( I ,J I)

I( IS)*HLMAT(I,J I)

J I)-GRM) 11,13,13

J I )-G IM ) 12,13,13

)=F

)=F

( I ,

( I,

:J

I4

IE

IE

1 =

J =

I2* N

I ,N

25

=FR(IS)#HLMAT(1,J I)

=> I ( IS) *HLMAT( I , J I )

I,Jl)-GRM) 17,19,19

1 ,J I) - G IM ) 18, IV, 19

2 0

I >

I )

R(

K

= J

Ut:

Ut

( I )

I = Ku

1 = 2 , N

( I )-IUP(I-i )

I ) 24,^4,22

K I

J = K 2 > K 3
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•TYPE(F0

SU

DI

IFI

2IU

3ID

4FR

CO

EQ

I(F

2(F

3(F

4(F

5(F

6<F

7(F

8, (

9(F

IL

AL
N =

NI

N I

N2

N3

N4

N5

N6

H2

H3

IF

1 DO

UR

2 UI

3 DO

FR

PTRA

RROU

MENS

M( I0

P( I0

(25)

HI.( I

m h 0 N

III VA

(43)

(52)

(45)

(38 I

(42 I

(35 I

( I2 l

F( I5

( I56

I= 1L

rIL

M

= 0

sN+l

= N + 2

= N + 3

= N-|

= N-2

= N-3

= H*»

= H2*

(K

2

( I ) =

( I ) =

4

H( I )

N)

TINE

ION

D ,P

0),G

, VKS

0 II ; ,

r

LEnC

, N ) ,

, UtR

, LC)

1 ) ,F

I ) ,Q

U.I

U , W

27 i )

7 U ,

+ I

INTEGR

F(9265) ,IJR( I0 0) ,Ul ( I00),FRH( InQ) ,

R ( IU 0 ),P I( I0 P ),QRO ( I0 0 ).Q 11< ( I0 0 ), 11 0 ( In0 ) ,

p ( iit n, 3 o), g i( io n, 3 o), x ( 2 n n >, v c ( ifui), iu f2 5),

P( I0 0),WPSP( I00) ,

FImi.( Iilll) ,i..iL(2i'0),WL(20 0)

E (F (4 8 >, ILI ),(F(49)*AL),(F(47),IL).
(F(50),NT),(F(I7),H),(F(5I),KSP).(F(4 0),EK2)»

R),(FO3),LJEF;l).(F<54),DBRN),<F(55),Tl0F),
,(F(43I I),UR), (F(44 I U,UI).(F(37i I) ,FRH) ,
IH) , (F (39 1 I),PR) , (F(40 I I),PI ), (Ft 4| I I) .QRO) ,

IO) , (F(36l I), ILO), (F(826 I) ,GP) ,(r(02-S I) ,GI ) ,

UP), (F( 151 ),X),(F(6| I) ,VC) ,(F (8 Il),VRSo),

RSP).(F(45I I),1N)»(F(4536). IP )

,F RHD .(F( I537 I) ,FIHD , (F ( I547 I) ,UI.) »
W L ) , ( F (61) , I7 )

2

H

SP t 1,1,3

I= I, I0 U

o.

1.1.

i = i , iyo

= o.

697

698

699

700

7 0 I

7U2

703

704

705

7U6

707

7 08

709

71 0

71 I

712

713

7 14

715

716

71 7

718

719

720
72 I

722

723

724

725

726

727

728

729

73 0

731
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I3

14

I8

I9

20

21

22

FRM(

IF

UR( I

UR(2

UI (2

DO

BLA =

UR( I

UI ( I

DO

B3R =

B IR =

Bl 1 =

B2P =

CR = B

CUB

8 3 N =

UR( 1

UI ( I

DERN

URP =

-UP(

UIP =

-UI (

U2 = U

DERR

DERI

DERN

IF

IF

NI=N

DERN

DO

PR( I

PI ( 1

Kl = 1

K3= I

I )

( i

) =

) =

) =

15

2.

+ I

+ l

I 8

I2

24

- I

I2

I R

I I

B3

+ I

+ I

Mr

(U

N4

(U

N4

R(

= (

= (

= D

(A

(N

1 +

M =

25

) =

) =

LO

= H2*

7- l )

H**(

(2.-

-F 1H

-l- KB

)=BL

)=wl_

1 =

.+FR

. - I U

0 . * F

.♦FR

*UR (

*UK(

R* *2

) = (C

) = (C

1 ii u u

R ( i\ 3

) ) )/

I (>»3

) ) )/

N ) * *

UrtP*

UIP*

FKR*

RSI- (

1-25

I

PERN

0 •

( 1 )

(EK

I

IL +

FRH

( I )

2,4

( i )

A*U

A *U

5,N

H( 1

. *F

IH(

H( I

I )"

I ) +

+ F1

R*B

1 *B

IT 0 U

) -U
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)-U

(6U
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I )
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B IR*

H( I +
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I ) •*?
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R»FIH(I+I))/B3N
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♦TYPE(FQRT RAN)

SUPROUTlNfc

DIMENSION

IGCP(5I ),SRU

COMMON 1

EQUIVALENCE

SCMAIR

F ( 4 7 0 0 ) , F C. ( 5 6 ) , F C P ( 5 I ) , G C ( 5 I )
(25),SRn(25),SIU(25),SIH(25)

( F ( 4 8 • , I L U , (F ( 5 I ) , K S P ) , ( F ( 5 2 i , P fc iV R i

I (F(53) ,DERI )>(F (40?), Ff), (F (458) , FCP) , (F(5i9),GO

2(F(56U).bCP),(F(4t>6l),SRi)).(F(4586),SIU),

3(F(46I I ) ,SRD), (F(4636),SID)

ILI=ILI

SNR = FCP( ILI ) - F c: C I L I ) *DF '^ + GC( ILI) ♦PER I

S N I = G C P ( 1 L I )-FC( iL l )*DEi<I-GC(ILI)*UERR

SDR = F'n(ILI)*UfcRR +Gr(lLU#nFKl-FCP(ILI)
SDI=GCP(1LI )+FC(ILI )*DFRI-GC(ILI )*DfcPR

SNM = SijR * *2 + SLi I **2

SRR = (SNK*SDR + SNI *SnI )/S'^.'

SR I = ( Sfv I * bI) R - S MK * S P I ) / S NN

IF (KSP) 1,1,2

SRti( ILI ) =SRR

Sll!( IL I )=SR 1

GO TO a>

! S R D ( 11, U = S R R
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*TYPE(F0PTRA

SUPROl)

DIMENS

ISIGC( I

2DSIU(9

COMMON

EOllIVA

1 ( F ( 3 0 )

2(F(576

3(F(461

4 ( F ( 5 I I

IF (E
1 DO 2

2 SIGC( I
GO TO

15 SIGT=0

SIGE=0

3 WRITE

4 FOPMAT

I0PFI4.

2 1 IwSlG

36X,5HT

4 I ly , Ih

53HSI-,
IX = 0

DO 5

WRITE

I IX.SRU

5 I X = IX.+

6 FORMAT

I9X, 12,

22X, 12)

I V = I X

DO 7

7 WRITE

N)

Tl

IO

0(1

, 2

LE

,K

I )

I )

I )

TA

I

) =

imE PR

N F(5

) ,SRU(

0) ,DbR

F

NCE (

I* ) , (F (

,Pfl) , (

,SRU),

,DSRD)

) l>l

= I,KM

SI'JM

865) .ANG( IUO ).SIG( I00) .PO( IOH) , ID(?5) , IU(25) ,
25j,<;lli(25),SRU(25),SIi.i(25l,PSRU(9>25),

P(9,p5),nsin(9,25)

F (39),ETA), (F (60),SI (-1 ),(F(5*>),SIGF),(F(58)»S1GA),
34) ,LM) ,(F(62) ,IPR) ,(F(556 I),ANci) ,(F(566 I)•S IG ),
F(566l),?lGC).(F(456l),SPin,(F(4566),SIU),

(F(4rs36),Sin),(F(466l),DSRU),(F(4686),DSlU).

,(r (53 3 6),')SID),(F(45I l),IU),(F(4536),ID)

, 15

eUlPUl TAPE 9,4,SIGA,SIGE,SIGT

(I2H0 RESULTS/I9Hn S IG .REAPTI0\ =,

6.5X, l3HSIfs.FLASTIP =,0PEI4.6,5X,

.TCTAL =, OPE I4.6/85X,9hS MATRIX/
HEiA,8X,5HSlPE.,IUX,4HPeL.,9X,8HSlG/SlOC,

L»4X,3HbP+.6y,3HPI + ,4X,?HIT,6X,3t-'SR-,6X,

4 X , 2 H I'l )

1 = I,LM

OUfPUl TAPE 9,o, ANG( T),S1G( I),P0( I),*;IgC( i ) ,
( I ) ,S IU ( I ) , 111 ( I ), S R P ( I ) , S ID ( I ) , 1P ( T )

I

(5x,0pF6.2.4Y,[)PFI2.4,4X,UPEl2.4,4y,f,Pc|2.4,

2X,0PF7.4,2X,0PF7.4,2X,I2,4X,0PF7.4,2X,l)PF7.4,

-*• I

I = IX , K M

OUTPUT IAPE 9.8, AMGU ),SICi< I) ,P0( I ),?IP,C( I )

I I

92
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I I95
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I 199

12 0 0
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65

TEST CASE FOR IBM-7Q9Q (CONTINUED)

NUMERICAL

USP # 1300. • 0 H # 0. 150

WSP # -0. HC # 0. IOD

BETA # 0. 85 LM # 20

SIG.TOTAL # 0.365024E DU

S MATRIX

SR + SI+ IT SR- SI- IT

0 0.271*0 -0.1583 6 0.271*0 -0.1583 0

1 -0.2011 -0.6271 5 -0.3219 -0.5925 5

2 0.0039 -0.1*952 6 -0.0053 -0.2687 6

3 0.7897 0.1612 >* Q.89U8 0.0196 6

4 0.9691* -0.001*8 i* 0.9U92 D.0038 5

5 0.9957 0.0OU9 1* Q.998U 0.0026 i*

6 0.9999 0.0003 i* 0.9999 0.000! 3
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TEST CASE FOR CDC-l6c4

SEARCH mON-LOCAL OPTICAL POTENTIAL

PARAMETERS

EXPFRIMFNTAL thfopftical

ELAP = 4.100 US =71. 000
MT =56,0 00 wS = .000 WD =15.000
ZT = .000 PS = I.220 RD = I.220
MI = I.000 AS = .650 AP = .470

ZI = .000

RESULTS
SlR.RFArTIPN = I.56QI4.7F 0fl3 SIG.ELASTIC = 2.08|708E 003

THFlA SIGE. POL. SIG/SIGC
.00 I.74I5E r'0 3 .0OO0E00O ,0000c 000

5.0 0 1.7Q79ED03 2 .6 IIIE- 003 .O0OQEOO0
in.0 0 I.6I04E nn3 4.8573E-003 .flOflOPOOO
15.00 I.4590E "03 6.3370E-003 .00001= 000
20 On I.2682E n03 6.5670E-003 .0000F 000
25.UO I.0554E n03 4.92I5E-003 .0000c 000
3P .U0 8.o823E 002 5.3469E-004 ,0000c 000
35.00 6.32I8E G02 -7.8648E-003 .0U00E 000
40.00 4.4936E P02 -2-2263E-002 ,0000c 000
4*5 .UO 2.9747E P02 -4.5988E- 0ri2 .OOOOF 000
5P.00 I.7982F n02 -8.5M8F-002 .0000c 000
55.00 9.5863E n0l -I.5I97E-00I .OOOOf 000
60.00 4.2I79E nni -2•74 I6E-00 I .OOOOF 000
65,00 I.3535E OQI -4.9876E-00I .00Q0E 000
70.00 3.9236E POO -2-I806E-00I .OOOOf 000
75,OP, 7.3713E 000 7.I254E-00I .0000c 000
80.00 I.8495E no i 5.7799E-00I .0000F 000
85.00 3.2818E D01 4.4734E-00I .0000F 000
9 n,0 n 4.6883F nni 3-5523E-00I .POOOfOOO
95.00 5.8254E D0 I 2.8025E-Q0I .0000E 000
IOn 00 6.5429E nni 2-0998E-OOI .OOOOF 000
105-00 6.7743E ^ rj | I.3698E-0 D I .OOOOF 000
110.00 6.a>25lF nni 5.5782F-00? .OOOOF 000
115.00 5.86ME nni -3.8626E-002 .OOOOF 000
120,00 4.89cS2Fnni -l.5|70E-00l .OOOOF 000
125.00 3.77I4E C-jdi -2-8950E-00I .OOOOE 000
130.On 2.6474E r. 0 I -4.5603E-0ni ,0000"= 000

135.00 I.6730E noi -6.3565E-00I .OOOOf 000
140.00 9.7040E nnu -7.0620E-00I .OOOOF 000
145.00 6.I564E nOO -2-39I6E-001 .nOOOF 000
150,00 6.2690E 000 7.0049E-00I .OOOOF 000
155.00 9.6I39E CQfi 9.85I4F-0 0I .OOOOF 000
I6p',00 I.5296E f'OI 8.2922E-00I .OOOOF 000
165.00 2.I774E 001 6 .0•98E-0 DI .0000c 000
170.0 0 2 .78 08E n0 I 3 .8674E-00 I .OOOOf 000
175.00 3.2030E nni I.887IE-00I .OOOOF 000
180.00 3.3543E 00 1 7.8020F-009 .OOOOF 000
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TEST CASE FOR CDC-l6(A (CONTINUED)

NUMERICAI

USP - 1300.00 H = . 150
WSP = .00 HC = .100
BETA = .85 LM r 2 0

SIG.TOTAL = 3.65085IE 003

S MATRIX

SR + SI + IT SP- SI- IT

0 .2744 - . 1584 6 .2744 - , 1584 0

1 -.2026 -.6268 5 -.3233 - .5920 5

2 . 0 ii 3 / -.4962 3 •.OP 54 - .2093 6

3 .7902 .1603 4 .8950 .0 187 6

4 .9694 -.0050 4 .9493 .UU36 5

5 .995/ .0049 4 .9984 .0U25 4

6 .9^99 .0003 4 .9999 . 0001 4





69

ORNL-3429

UC-34 - Physics
TID-4500 (20th ed.)

INTERNAL DISTRIBUTION

1. Biology Library
2-3. Central Research Library
4. Reactor Division Library

5-6. ORNL - Y-12 Technical Library
Document Reference Section

7-56. Laboratory Records Department
57. Laboratory Records, ORNL R.C
58. Nancy Alexander
59. J. B. Ball

60. R. Bender

61. R. E. Biggers
62. E. P. Blizard

63. A. C. Downing
64. C B. Fulmer

65. C D. Goodman

66. F. F. Haywood

67. W. H. Jordan

68. W. E. Kinney
69. C. E. Larson

70. F. K. McGowan

71. F. C. Maienschein

72. C. D. Moak

73. C. W. Nestor

74. s. K. Penny

75-84. F. G. Perey

85. A. M. Perry

86. C A. Preskitt

87. M. J. Skinner

88. C D. Susano

89. J. A. Swartout

90. D. K. Trubey

91. A. M. Weinberg

92. C D. Zerby

93. R. A. Charpie (consultant)
94. P. F. Gast (consultant)
95. R. F. Taschek (consultant)
96. T. J. Thompson (consultant)

EXTERNAL DISTRIBUTION

97-98. University of California, Los Angeles (l copy each to M. A.
Melkanoff and D. S. Saxon)

99-100. Argonne National Laboratory (l copy each to P. A. Moldauer and
A. Elwin)

101. R. S. Caswell, National Bureau of Standards, Washington
102. L. Cranberg, Los Alamos Scientific Laboratory

103-104. Brookhaven National Laboratory (l copy each to E. Averbach and
C E. Porter)

105. M. H. Kalos, United Nuclear Corporation, White Plains, New York
106. Research and Development Division, AEC, 0R0

107-743. Given distribution as shown in TID-4500 (20th ed.) under Physics
category (75 copies — 0TS)


	image0001
	image0002
	image0003

