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ABSTRACT

It is shown that the general features of the heavy ion
elastic scattering data are reproduced by using a smooth cut-off
model for the scattering matrix in which the real nuclear phase
shift and the reflection coefficient are used as analytic functions
and have a few adjustable parameters. A computer program is described
for carrying out the calcnlations to fit the experimental ratio
of elastic differential cross-sections to Rutherford cross-sections.
The scattering of 10.375 HMeV/ u 12
consider=zd as test cases. The absorption radii and reaction cross-

C ions from Fe, Ag and Ta are

sections predicted by the theory are also calculated.



INTRODUCTION

The subject of heavy ion interactions deals with the study
of nuclear reactions/scattering of two atomic nuclei of mass
number A) 4. There has been an ever increasing interest in this
field since the availability of accelerators capable of imparting
several MeV per nucleon (MeV/u) energies to nuclei heavier than
alpha particles so that their Coulomb barriers could be overcomel).
At present this is one of the most active areas of Nuclear
Physics research both theoretically and experimentally. The special
interest in this field lies in the fact that one is capable of
observing phenomena which were hitherto inaccessable to laboratory
studies e.g. very high angular momentum states of nuclei, nuclear
quasimolecules, deep inelastic reactions etc. For energies below
10 MeV/u one is interested in the processes like Coulomb excitation
of the interacting nuclei, elastic scattering and quasi-elastic
reactions. For higher energies, deep inelastic processes and the
fusion reactions are of importance, giving rise to the possibility
of the formation of Super Heavy Elements. At relativistic energies” ,
(the Bevatron-Superhilac accelerator at Berkeley (BEVALAC) can
impart energies upto 2 GeV/n to heavy ions), still different
types of phenomena may occur e.g. the production of anamalons,
pion condensate, or even quark plasma.

In the present report, we are interested in the elastic
scattering of nuclei of A > 4 and energy E /10 MeV/u from heavy
nuclear targets. The study of elastic scattering is important
because the total reaction cross-section can be determined from
it fairly accurately. This is necessary for taking into account
all possible reaction'channels, specially in a situation where

new modes of reactions are possib1e3).

A complete quantum mechanical description of the problem
involves the use of ion-uucleus potential in the solution of
Schrodinger equation. The scattering amplitude thus calculated is
then used to find elastic differential cross-sections. Although
this scheme has the advantage that the wave-fuunctions can be used
as input for the study of non-elastic processes, however, there



are some difficulties. Firstly it has been found that the optical
potential parameters are not uniquely determined from the comparison
of thecretical and experimental differential cross—sectionsA).
There may be different sets of parameters which produce quite
different wave-functions, nevertheless the data is fitted well by
all of them. Second difficulty which is of practical nature arising
specially in heavy ion scattering is the large numbe: of partial
waves which contribute significantly towards scattering e.g. there
are in excess of 700 partial waves which must be iuciuded in the
scattering of 2380 from Gold at 10 MeV/u. Under these conditions,
the optimization of optical potential parameters becomes excessively
extravagent in computer CPU time. It has been, therefore, argued
that the simpler methods of analysisS) may be used by exploiting
tihe special features of heavy-ion interaction viz;

i. Large value of the Coulomb repulsion

ii. Short wavelength of the relative motion of interacting

nuclei.
iii. Strong absorptions within uuclear range.

(6-9) and

Thus there are various semi-classical approaches
closed form experessions(lo’ll) for the scattering ampiitude which
have been successfully employed for the calcuiotions of cross-
sections. The method adopted in this report avoids tiie neces:ity
to solve the Schrodinger equation for the determination vi S-matrix.
Rather the S-matrix (see next section) is itself parametecized.
This technique was first used by Mcintyre et 315) for the anaiysis
of of -particle scattering and later extended to heavier ious by
Alster et allz,
appxoach is described in the next section. The resuits obtained

for the test cases are discussed in section 3. The progiam structure

. The necessary mathematical formulaiion of this

and the numerical aspects are described in section 4.




THEORY

2.1 Scattering Problem

The physical situation consists of the scattering of a
projectile of mass M, from a target nucleus of mass My at the
laboratory energy Elab‘ The Schrodinger equation for the relative
motion of the projectile can be written as

LA N V(t)\«k(i) = EY(¢)
2

where the reduced mass '}L is

Me My
. M= M?*MT
and the centre-of-mass energy E is defined as
My
E"’Ec\, ™
@b Met My
These quantities can be written in terms of the reduced mass
number
N
ed . ; .
! Ao+ s

where Ap and Ap 1is the mass number of the projectile and the
target respectively 1i.e.

ExeA,,,. ;o Ay

where '€ ' is the laboratory energy per nucleon for the projectile
and my = 931.5 is the conversion factor for the units of mass
'a.m.u' to the units 'MeV/c“.' In eq. (1), V(x) is the assumed
nucleus-nucleus potential. For a spherically symmetric potentisal,
the boundéry conditions at large 'r', (i.e. well outside the
range of the potential) are represented by an incident plane wave
moving alohg (say) Z-axis and the outgoing spherical weve i.e.

WD 752 @3 )+ §i0) 1 exp(ikr)

| - ’ -



Here £f(8) is the relative scattering amplitude of the scattered
wave and is related to the elastic differential cross-section as

2z
‘.(}‘f‘_(t_") = \§fe)

For a short range potential (in general complex), the partial
wave expansion for eq. (6) leads to the value of £(8) given by,

_Si(g)_ (zQH) (- L) (Case)

lz,

where

Asedl. “”—:S—;
k - jz("‘;vc
ck

Pl(cos 0) is the Legendre polynomial and S. is the S-matrix
related to the complex nuclear phase thft“\ by

210 b
S('-'e t - Ag_e

In eq. (10), Sl is the real part of the nuclear phase-shift and
A, is the ampiitude of 1-th partial wave. The quantity 'Al', also
called the reflection co-efficient, represents the smount of
absorption of the incident flux from elastic channel. 'thus OSEAIS
1, with A = 1 corresponding to nc absorption and A, = 0O to
complete absorption.

In the above treatment. the loung range Coulomb focce has not
been considered. It is, however, possible to include the Coulomb
force and obtain a scattering amplitude similar to eq. (8) with a
modified phase shift ( O;_‘O-SL ), where 6'1 is the Couiomb phase
shift. The eq. (8) can now be written as

2i b,
fer=fe) + 1 z (2t % (1- A )P €50)



where13)
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In the above equation ' M ' is Sommerfeld parameter which is
defined as

2,7, €n
G TRR

The quantity S1 = eZisl is discussed in the next subsection. The
final quantities of interest are calculated from £f(®) and fc(e)
as described in section 3.

2.2 Treatment of S-matrix

The exact determination of the nuclear S-matrix involves
the numerical solution of Schrodinger equation in the interaction
region. However, an alternate way is to treat it phenomenologically.
As an extreme case one may assume that it has a sharp boundary in
the angular mcmentum space i.e. all the partial waves with values
1£1, are fully absorbed whereas 11, remain unaffected. Thus



A, = 1S | =4 for -0,

= o -ﬁov ¢ é;Qc

The total reaction cross-section, then becomes

T p
G’R = T{; (Lc_‘i'1)

In classical “erms this situation corresponds to the case. where
the nuclei with angular momentum 'L' moving along trajectorei:
with r &R, = L. /k are fully absorbed whereas those with r > R,
uncdergo pure oulomb scattering. This is called the shsari cut-off
model.

An improvement oy’; this model can be achieved K+ asuming
that the refiection co#
to one over a definite ?ange of angular momenta. The variation of
A, with respect to 1, which is similar to nuclear Fermi distribution
seems to be a natural choice. In this way one takes inio account
the nuclear diffuseness for defining the absorption region. it is
usual to assume a similar shape for 'ﬂl' although the:c is no a
priori justification for such a cheice. Following llcintyre et
815), we take

efficient A, increases smoothly rrom zero

- (‘-'-A\/M.A =

A 1+ e

]

t

and
/AQi’

- @-15)/
6, = S°\1+ e

where 'l' is now a continuous variable and 1A’ AIA, RU.AAIS, l8

are the adjustable parameters. The physical significance of these
)

parameters is discussed in the next section. ,



RESULTS AND DISCUSSION

3.1 Calculated Quantities

Using the expression for Coulomb scattering amplitude

(eq. 12) one can find the Rutherford differential cross-section

2
d6'(0) _ ' (O | - l Cosez(elz)
= \f@)| e

Aleo from eq. (11) and (1Z), the ratio of elastic differential

cross-section to Rutherford cross-section is determined to be

2
as©)/d “iny O it Of2 2
©)/a = | -1 e l - = 0 S
(dd(ﬁ’)/o\-ﬂ)R 1

wheve 21(% %)

= - N { 28 ey
E’o (1 V;\Q > 7.‘1)\( ) e

The experimental values for the same quantity can be fitted to

eq. (21) by varying the parameters of A

and Se . The subroutine
used1

for the fitting minimizes the quantity,

Our

NP 2
clr}" (8) — dd (G)
el S
P

=1 A(d"J))

- 7 1



where NP are the number of data points and N is the number of

arameters. The fits obtained for the cases 12C + 56Fe, 120 +

OIAg, 12‘ + 181Ta are displayed in figs. 1-3 and the derived
parameters are listed in table 1. The parameter l repreqents the
value of 'l’' at which A, = 1/2 or the absorptlon (1-4 ) is 757%.
The variation of Aq with respect to 1 is given in fig. 4. Unlike
the sharp cut-off model where the absorption radins cocresponds
to 1007 absorption, we define a radius Ra which corresponds to 1

= IA' By using the conservaticun of energy requirement

z,z,e> WL

E -+
< 2/u1"
We find
R R AR
N L

or s e
i e e e e \

R = k' [‘*1+J5f+ G

Similarly firom eq. (17), it can be seen that A, goes from 0.9 to
0.1 cver the range lo.l;AlA. The corresponding region of space

br=t, is similar to the nuclear surface thickness. lor 1>>'l’ it
is simply

£ ~ K at




In table 2, the values of absorption radius parameter obtained
from eq. (25) and the absorption surface thickness from eq. (26)
are listed alongwith the total reaction cross-section which is
given by13)
T g - 2
& = SN (1-”A)
k® =0 ‘

In eq. (18) the parameter ii gives the strength of the nuclear
phase shift, however 1. and.ﬁlg do not have any apparent physical
significance. The values given in table 2 under heading 'l’' have
been obtained by using the central values of parameter of table

1. These are compared with the values obtained in ref. 12, where

a number of different combinations of parameters with similar 2"
are used to obtain the uncertainties in the qguantities r,t andta
. Most of the values in the two calculations agree, however the
small difference in some cases arises hecause of the restriction
AJA =A16 and 1, = 1 imposed in the present calculation. In view
of the excellent fits obtained (Fig. 1-3) under this assumpticn,

it is of no physical significance if this condition is relaxed.
Another source of discrepancy is the different mass standards:

12 16

C in the present calculation and “"0 in reference 12.

3.2 Conclusions

By utilizing an optimization routine from the CPC
library and by writing a sub-program for calculating the function
of eq. (21), we have obtained good fits to the elastic scattering
datalZ) of 120 + 56Fe, 12C + 1O7Ag, 120 + 181Ta at 10.375 MeV/u.
The total reaction cross-section obtained for the test cases
agree with the previous calculations. The method described in
detail in section 2 serves as a reliable and quick way of analysing
elastic scattering data amd therefore an operating program on
PINSIECH'S local computer is useful for the experimentalists as
well as theoretical physicists who wish to compare other elaborate
calculations with this simplified approach.

13)



PROGRAM STRUCTURE

The computer program 'HISS’' (Heavy lon Scattering by S-matrix
method) has Deen written in the standard FORTRAN 1V language for
the PINSTECH'S local computer. The program summary is given in
the appendix 1. For the purpose nf least-square fitting, a subroutine
from Computer Physics Communications library program ABMR UNIFIT2
is utilized. The R.H.S. of eq. (20) is calculated through the
subprogram FNC(X) during optimization and for writing the final
values with optimized parameters at the desired angles of scattering,
A flow chart for the calculation done in the main and in FNC(X)
is given in appendix I1. The input data and output layout are
described below while the complete program listing and specimen
input:/output appears in appendix III[-V

4.1 bpata Input.

Card A (1 card)
FORMAT (1X, Al, 3X, 10A4)

KATCH - New case identifier : tust be 'Q’
NTIT1 (1-10) - First title

Card B (1 card)
FORMAT (5X, 10A4)

NTIT2 (1-10) - Second Title

Card C (1 card)

FORMATY (15, F10.5, 15)

NP ---Number of data points : 2 NP 100

DYSTD ---Default uncertainty If DELTY = 0.0 in Card D
NTYPE ---1f NTYPEL12, the input data is scaled., Different

scalings may be done by different values of NIYPE. Present
provision is for logarithmic transformation ouly.




Card D (NP cards®

FORMAT (3G 15.5)

X(1) --- Values of scattering angles in C.M frame
Y(I) --- Values of dﬁbxpid‘k

DELTY(1) --- Uncertainties in Y(I) values

Card E (1 card)

FORMAT (15, F10.5, 15)

N ---No. of adjustable parameters : 14 N <20, N&NP
EPSSTD --- Parameter increment ratio (Default 1. D-3)
M --- Total number of parameters : NE M <20

Card F (1 card)

FORMAT (512)

11, 12, 13, 14, 15 ----Sequence of parameters :
Only the first M parameters are searched

Card G ‘M cards)

FORMAT (3G15.5)

P(J) --- Parameter values

EPS (J) --~Fractional parameter increment for gradient
calculation:

If other than EPSSTD

DP2(J) ---Uncertainty in P(J): Hay be omitted,

Card #l (one card)

FORMAT (13, 5F10.3)

LL ---lmax in the summation over 1 in eq. (21): If LL is too
small, the program increases LL in steps of 10 to reach

the correct valuc,



2] ---Atomic number of the projectile nucleus
22 ---Atomic number of the tarvet nucleus

Al ---Mass number of the projectile nucleus
A2 ---Mass number of the target nucleus
EPN ---Enerzy per nucleon for the projectile

Card I (9ne Card)

FORMAT (13, 3F 10.3)

MM ----Print option for the rellection co-eff.
AI: MM=0 no printing.

MM = 13 100 values around 1 = 1, are printed.

XF ---First angle at which the dd/d&k is required
XL ---iLast angle at which the dé/ddR is required

XD ---Angular increment

4.2 Output

First Page: The first page of Lhe output gives the heading
comprising of the identification of heavy ion pair interacting at
a specified energy alongwith the source of data and the desired
data transformation. The initial and optimizad Rfalongwith the
list of all input parameter guesses and optimized parameters are
written. The 2rror code 'O' appears when a successful convergence
is obtained. The error code 'l' shows that the convergence was
not obtained in the permitted number of jterations.

Second Page: The angles at which the data is given are
written under the heading "Independent” while the transformed

data values appear under '"Dependent”. The '"Optimized dependent’
are the values obtained by using the model function with fitted
parameters. The individual for each data point is also printed.


http://guesr.es

Third Page: This page is an optional output (If MM = 1). It
gives the value of A for different '1' in the vicinity of 1,.

For 1 : O-Imax. the A1 should increase from zero to one.

Fourth Page: Here the final quantities of interest, i.e.
the ratio of elastic te Rutherford differential cross-sections
and the total reaction cross-section (in Fermi squared units) are
printed. The former may be written for any desired range of
angles and angle increments (see Input Data).
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1

Table 1. Parameter of 120 scattering at 10,375 MeV/u

for the dataIZ) displayed in Figs. 1-3.

Parameter l

i
k, | Al 9
| _ | L = ¢ A
Target | ($1) | "L € =al So xp
! 6pe b 6.963 7.627 52.571 3.147 0.467 0.45
.26 ; + 0.188 | + 0.080 | % 0.029
§ 1ffagl 3 602 ; 13. 788 60,538 2.570 0.586
| 47> | £ 0.180 | £ u.071 | = 0.043 0.38
181 646.111 2.573 0.585
7.929 21.415
73 +  0.159 £ 0.155 | * 0,036 0.03




b A

Table 2. Values of the absorption radius parameter T, absorption thickness t_ and
the total reaction cross-section O, derived from the central values.of the

parameters given in table 1. 1: This calculation 2: From ref. 12
3 qy M s
Quanciey | v 2R fRg+ATYR B (FD SR )
Target 1 2 1 2 ’ 1 2
56.. 4 430 L 1.9
Fe 1.433 . © 2 0.452 0.43 2.061 | ¢ 6
26 £ 0.02 £ 0.05 z 0.10
|
w07 - ; L 1.4s L 031 .2.23
23 P 1.427 U.414 2,208
41 " L Les2i 502 141, 0.0s I 2:208 1 L 407
| |
i
f l
131 1.45 0.37 ! b 2.43
Ta Por,s2n | bon.324 ©2,263 !
73 oz 0. Lz G.0Y = 5.03

<
[ 4
]




FIGURE CAPTIONS

The sca-tering angle in the centre-of-mass frame & (C.M.) vs
the ratio of elastic differential cross-section to the Ruther-

ford cross-section using the logarithmic scale; fcx 120 +

56

Fe at E)op = 124.5 Mev.
Ibid; for
ibid; for

Variation of the parameterized reflection cn-efficient 'Al'
with respect to the angular momentum 'l’ for the three caies
of fig. 1,2 and 3. The 1, andAlA are the fitted par..eters.
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Fig. 2.
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Appendix 1

PROGRAM SUMMARY

Title of Program

Directory

Program Obtainable from
Computer

Operating System
Programming Language

High Speed Storage Required
Number of bits in a word
Overlay Structure

Tape Code

Nature of Physicel Problem

Method of Solution

Typical Running Time
Program Features

‘e

*e

*"e

(1)

HISS

DRAl: [INTIHAN]

T.P.G. of N.P.D.

VAX 11/780 lnstallation PINSTEGH

VMS /MOS

FORTRAN IV (G)

94 K Bytes

32

Hone

EBCDIC

Calculation of d67d5k for heavy ions

and fitting the parameters of S-

matrix.

Davidson's non-linear minimization

technique programmed by E. von-

Meerwalll3)

6-10 min. for fitting 3-5 parameters

i~ Upto 100 data points with uncer-
tainities can be read.

2- The nuwber of parameters should
be less than 20,

3- Only firat i1 parameters out of N
are fitted. (MLN)

4= The parameter guesser may be given
alonguith their ranges.



APPENDIX IT
t1)

" MAIN ‘
PROGRAMME

READ TITLES
~ AND DATA
COMMOM/ INP4/1

WRITE SOME
/  DATA ECHO

- DEFINE DEFAULT
PARAMETERS

”

- ves [CALL TRAFO
| @”’9 0 " | oATA scaLnG
No {

CALL FDEL 2 .
CALCULATE X3, FUNCTION

AND GRADIENT | FNC
VECTORS

CALL CALL DAvVID2 » FUNCTION
FDEL OPTIMIZATION FNC

1

WRI1TE OPTIMIZED

PARAMETER
INDIVIDUAL X

|

DEFINE ARRAY FUNC TION
XX :XX{1)=FIRST T — FNC
ANGLE

v
WRITE 6R AND
d 6~/doR AT DESIRED
ANGLES WITH OPTIMIZED
FARAMETERS

< STOP ) | |
- 2, -

f t
|




APPENDIX 1l
(2)

INPUT DATA FROM
FUNCTION FNC (X) MAIN PROGRAM
COMMON/INP{ 11/

4

LL=LL +10

CALL AL
TO CALCULATE
ARRAY Al

l

CALL DL TO
CACULATE ARRAY
6p: L= 0 LL

y

CALCULATE

S¢

No%lh

-

‘ReSp-1)<10_
YES

CALL SL
70 CACULATE
ARRAY (o5~ o )
l=0-L!

‘

CONVERT
X=© INTO
RADIANS

4

CALL PL
T0 CALCULATE
ARRAY Py(Cose)

(=0-LL

:

USE ARRAYS
Ay §¢,( gj- a5 ) AND
P (Cos8) TO CALCULATE
do- / dog

:

RESULTS T0
MAIN OR OTHER
SUB ROUTINES

2h -



OOONCad Aol

atn aon
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PROGRAHM LISTING
oy e Rkry
X x

X HISS *
X %
pt et ettt htbte

THIS PROGRAM UTILIZES AN AIMPTED SUBROUTINE FROM CPC LIBRARY

PROGRAM " O UNIFIT2 = PEY ' E, VON HEERMALL * (CPC 11(1976)211
T0 FIT THE DATA ON HEAUY 10N ELASTIC DIFFERENTIAL CROSS-SECTIONS
WITH THE HELP OF THE EXFRESSION DEFINED IMN EQ, 13:,20 t 21 OF THE
N.,P.D INTERNAL REFORT " ANALYSIS OF HEAVY ION ELASTIC SCATTERINC

PATA BY S-MATRIX PARAMETERIZATION *,

I.E.QURESHI
25-18-1794

IMPLICIT REALXB(A-H,D-2)
COMMON XK,A X,Y,DELTY,W,F CFS GRAD,CH2 MNP, N ,NTYPE
COMMON/INP/LL, 1,g~,hl A2LEPN
COMMON/IT/11,I2 »13,14,15
DIMENSION A\I@BQ),X(lBQ),Y(lBB),H(IQB),EPS(QB),P(ZB),GRAD(ZE),
X DELTY(100).DP(20) NTIT1(18) NTIT2(10) ,LARELX(5) ,LABELY (D),
% DP2(28) ,KE(2) ,KUY(2) ,FCTR(?) ,SRT(108) ,XX (169}
DATA FCTR/1,D2,1.,D-4,1,04,1,1-8,1,09,1,0-10,1,D11,1,1-12,1,D4/
DATA IRDV/1/,IWT/2/7 ,KUE/1HO/ FE/AH EFS,AHILON/ ,KV/4H +/~,4H DP /

2 FORMAT (I5,F10,5,15)
5 FORMAT (3G15,5)
11 FIRMAT (1X,A1,3X,1044)
12 FORMAT (SX,10A4)
13 FORNAT (45X,18A4/)
14 FORMAT (/10X,26HABORT THIS CASE SINCE NP =,I3,5H, b =,13)
16 FORMAT (//15X,23HINITIAL CHI-SOUARE (FER,I13,
% 20H DEGREES OF FREEDOM),//®
17 FORMAT (23X,F20,%5)
18 FORMAT (//15X,13HPARAMETER MO, ,14X,15HPARAKETER VALUE,15X,2A4,
% 18X,BHGRADIENT, />
19 FORMAT (/34X,14HRESULTS OF FIT)
20 FORMAT (///15X,23HNO, (MAX) OF ITERATIONS,14%,
X 16H EXROR CODE,16X,20H0PTIMIZED CHI-SOUARE)
21 FORMAT (/24X,12,1H(,12,1H),30X,12,23X,F29,6)
22 FORMAT (/20X ,3SHTHERE WILL BE ND FIT FOR PARAMETERS,I3,
% 8H THROUGH, 13/)
23 FORMAT (21X,12,15X,F208,10,13X,012,%,13X,012,5)
26 FORMAT (718X, 19MMULTIPLY ALL EPS BY,1PD8,1)
28 FORMAT (3X,13,4X,F10,5,6X,F10,6,5X,012,4,16X,
X F19,6,9X,013,5,7X,D13,6)
29 FORMAT (1M1,//7710%, 11HTHDEFENDENT , 6X , HIEFENDENT , 7X , 6HWELGHT ,
¥ 7%, 19HOPTIMIZED DEPENDENT ,5Y, LSHFNC (F (OFT) ,X) =Y, AX,
$ 22MCONTRIE, 10 CHI-BQUARE,//)

INITIALTIZATION OF PROGRAM
NCABE=9

INPUT OF CASE INFORMATIONS TITLES AND LABELS

1 READCIRD,11,EN0=37) KATCN, (HTITLCI) ,1=1,10)
IF (KATCH,NE KUKE) 60 T0 1
READCIRD,12) (NTIT2(1), 172,123
NCAGE=NCASEF L
@=-1,037
F1=3,14159265400
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INFUT OF DATAS X, Y, DELTY, AND DEFAULT VALUES

READ(IRE,2) NP ,DYSTD,NTYPE -
DYSTD=DARS (DYSTD)

NBAR=0

IF(DYSTD,.GT.1,D-7) GO TO 3

DYSTD=1,08

NEAR=1

PO 4 L=1,NF

READ (IRD,S5,END=39) X(L),Y (L) ,IELTY (1)
IF(X(L) ,6T,0) B=X(L)

DELTY (L) =DABS (DELTY (L))

IF (DELTY (L) ,£Q,6, D3, AND, MEAR,Z0,1) GO TO 6
IF (DELTY (L) ,EQ,0,D0). DELTY (LY =DYSTT
WL)=(1,D0/DELTY (L)) X2 g

GO TO 4 . IR

WL)=1,DG

COMTINUE

READ(IRD,2) N,EFSSTD,M

IF (M, LT, N,OFLM,6T,20) H=N

TF (NP, LT, 3,0R NP, GT,180) 0 TN 35

IF(N,GE, 1, AHD N, LY NP AP NLLE, 200 60 TD 34

WRITECIWT,14) NP,H

G0 TO 1

TIF (EPSSTD,E0,2,19) EFS55TDO=1,D-8
READ(IRD, 60)I1,12,13,14,15
FORMAT (512)

00 9 L=1,1

READ (IRD,S,EHD=39) P (L) ,EFSIL) D2 )

IFCEPS (LY ,LT,1,D-10) EFS(IY=ERSSTD

R=DAES (F (L))

IF (O,NE,9,DR) EFS(L)=EFS(L)%X0

=1, D-3KDARS (DF2 (1))

IF (O, ME,5,D9) EPS(L)=DMINL (EPS(L) 1)

IF(L,LE. M) GD TD 9

EPS(L)=0,00

0P (L) =0, 06

DP2¢L)=9,00

GRAD (L) =6,D19

COMT L

MM =NE -

ANFHL=] , DB/ HFH .
READ(ERD, 61 LL,21,22,A,A2 ,EF
FORMAT (I2,5F10,3)

READ (IRD, 42) MM, XF , XL, XD
FORMAT (15,3F10,3)

SOME ECHO OUTFUT

URITE(IQ"I',l'.".&) (NTITL(DY ,T=1, 50 , (HYTTR00Y ,T=1, 1)

FIT INITIALIZATION

IF (NVYPE,GE,16) CALL TRAFD.
CALL FDEL
WRITECIWT,14) MPM ‘
WRITECIWT,17) CH2 ‘
WRITECIYWT,18) KE ‘
WRITE (IWT,23) (T,P(I) ,EFS D ,BRADCDY , T=1 ,M)
IF (M, ED.N) GO TOD 19 ‘
Ni=N+1 .

| - 2 6 - |

INPUT OF FARAMETERS, EPSILONS, FPARMETER ERRORS, AMD DEFAULTS




WRITE CINT,22) Ni,M
18 LIMIT=4%xN+6
IF(LIMIT,.B6T,68) LIMIT- 40

oan

NERR=9
34 NERR=NERR+1
Do 38 L=1,M,1
38 DP(L)=DP2(L)

CALL DAVID2(DF,1,D-8,KOUNT,LIMIT,IER)

IF (IER,NE,~1) GO TO 31
IF (NERR,BT,9) GO TO 31
FM=FCTR (NERR)

WRITE (IWT,26) FM
DO, 32 L=1,N,1

72 EPS(L)=EPS (L) XFM
GO TO 34

31 WRITE(IWT,19)

WRITE (1WT,2@)
WRITE (INT,21) KOUNT,LIM1T,IER,CH2
WRITE(INT,18) KV

WRITE(IWY,23) (X,P(1),BFII),GRADCI) ,I=1,M)

c
c TABLE OF VALUES AND FIT
c
WRITE(IWT,29)
DO27 JIN=1,NP
R=X (IN)
Z=FHTLD
=Y (IN) -2
B2=ANPN1XQXQEY (IN)

WRITE(XWT,28) IN,XOIMY,Y (D ,W(IH) ,2,0,02

27 CONTINUE

PRINT RATIOD DOF THE DIFFERENTIAL

aanNn

J1=P (1)~-50
J2=P (1) 450
AX (1) =XF
M= (XL~XF) /XD
no S8 J=1,HMN
SR=FNC{XX(J]))
SRT (1) =10,0%¥5F
50 XX(IJH+1Y=XXCT) XD
IF (MML,EQ, IWRITE (2,53

FIT, EFS ARJUSTMENT FOR GRAULIENT TROUBLE, RESULIS

CROSS--SECTIONS AT DESIRED

ANGLES BY USING THE OFTIMIZED FARAMETERS,

IF (MMLER, 1IURTTE(2,54) (J-1,A(T), J=J1,32)

WRITE(INT,S2)

WRITE (IWT,SL) (XX (T) ,8R177) ,J=1,MM)
51 FORMAT (3(18%,F5,2,61%,%,5X))
92 FORMAT (1H) ,/ /10X ,3(9X, "RATIO .7

X 'DIFF, X-8ECS',15%),//)

53 FORMAT (1ML, //7/0%, 3%, 707 ,1BX, PALY Y ,6X) ,//)
54 FORMAT (3(2X,15,0615,%))
Cc
c CALCULATION OF THE TOTAL REACTION X-8ECTION,
>

810R=0,00

Lo 70 J=1,LL
70 SIOGR=GIORA (2, %k T~-1) X (1, ~A (I ER2)

SIGR=8IGR%PT /XKEX2

WRITE(IWT,80)3106R
80 FORMAT (//19X,?TOTAL REACTION %-8EC =',0615,5,

- 27 -

", 16%) ,/10%,3 (' ANGLE?

FAx27)

v 4%,



GO 70 1
39 sSTOP
END

Attty c s = s = a + =+ e—= . o en e

SUBRROUTINE FDEL
COMPUTES CHI-SQUARE AND GRADIENT VECTOR FOR DAVIDD

IMPLICIT REALXZ (A-H,0-2)
COMMDN XK,XA,X,Y,DELTY, W, P, EFS, GEAD,CH2,HF B TYEE
COMMON/INP/ LL,21,22,A1,A2,CF
COMMON/I1/11,12,13,14,15
DIMENSIDN XA (1898) ,X (198),Y (160 ,DELTY (188) U (130) F(2%) ,EF§(2M)
X .GRAD (20)
ANPN1=1, 19/ (NP-N)
ALFA=9,1D0/N-8, 7800

CHI-SOUARE

ooo

CH==8,185

o 1 I=1,NP,1

R=X(1)

A=FNC (R -Y (1)
1 CH=CHHARARW(T)

CH2=CHXAMFN]

GRADIENT VECTOR

oo

PO 3 K=1,M,1
P (K) =P (K) $+EPS (K)
C=0,0%
Do 2 I=1,MP,1
R=X (1)
A=FNEC (R) -~ (1)
2 C=CHAXARY (T)
GRAD () =ANPH1X (C~-CH) ZEPS (K)
P (K) =F (K) ~EPS (K)
3 EPS(K) =EF3(K) ¥ALFA

0

RETURN
END
C

e
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SUBRROUTINE DAVID2 (PP, TERM . KOUNT ,LIMIT,IER)

VARIARLE METRIC NON-LIMHCAR HINIMIZATION OF FUNCTION
URCOMSTRAINED SIMPLIFIED DAVIDON METHOD

US AZC R AND v REPORT aNL 5778, APPENDIX (1759, REV,)
NEEDS FDEL FOR CHI-SOUARE (F) AND GRADIENT ¢G)

IMPLICIT REALXS (A-H,0-T)

COMMON XK,XA,X9,Y0,29,49,°,5PS,6,F NP, M, NTYPE

DIMENSION XO(188),YR¢128) ,70(188) ,H0(189) ,F (20) ,EFS(28),6(20)
DIMENSION DP(29) ,PR(29) ,1,1(2@) ,HU(28) ,HY (28) ,H(28,20) ,XA(1980)

INITIALIZATION

ANPN= (NP-N) X8, 510

T=5.19

KOt - 3

IER=8

N1=8

N4

IFAH2 ,LE N MI=N+1

NS=0

IFCLIMIT,LE MN2) LIMIT=M24]
CoALL FDEL

PREFARATION OF ERROR MATRIN-H

DO 1 3=1,M,1
IF (H,E0.1) GO TO 3
DO 2 K=1,M,1
H(I,K) =1, D-10
H(3,3)=1,0-2
IF (DE(T) ,ME,9,[8) GO TO 7
IF (P (T) ,ED,H,09) GO TH 7
D 3= (1) K3, D2
7 A=AMPNX (DP (3) %12)
B=A
IF (DARS (BT .GT,5,D-3) =0, IDAXDABS (I 1) /G (1))
H(J,3)=0,3DR¥DEORT (AXE)
9 PREIY=F (D)
BR(I) =61
1 DF(DH=H, D)
FB=F

i 1

ITERATIVE FIT

68 KOUNT=KOUNT 1
IF (KOUNT,GT,LINITY GO T0O 59

GO TO NEW MIMIMUIM

oo A8 K=1,M,1

HY (K) =3, T

n) 11 I=1,N,1
11 HY(K) =HU (K +H (X, DY %G ()
10 P (K =P (K) ~HY (K)

W=D, IO

Y=, 10



o

C CLOSENESS TD MINIMUM

CALY. FLEL
IF (F.GE.FB) GO TD 21
1ER=2
NA—=KOUNT
NS=50
FB=F
DO 26 J=1,M,1
PE (I =H(I, D
IF (DF (3> ,LT,0.00,AND KOUNT ,GE.N2) 69 TO 75
PR(1) =P (J)
20 GR(J)I=G(I)
1ER=6
21 DO 22 K=1,N,1
HU (K) =8, 13
; DO 23 J=1,N,1
¢ 23 HU (K) =HU (K) +H (K, 1) 26 (3)
; V=16 (K) XHU (X)
22 U=U4G (K) 34U (K)

RESCUE FROM BAD GUESSES AND/OR SaFlY GRADIENT (ROURLE

aO0n

IF (KOUMT,6T,3) G0 TQ 27
ALl=1,2D0%FB
IF (F.LT,AL,AND,U,GT,0,D9) 60 T 27
DO 26 I=1,N,1
17 (U,E0,9,09) EFS(I)=1,D1REFS (1)
H(I,3)=1,0-13H(J. D)

26 P(I)=FE(D ~5,D-2%H{I, DG
EALL EDEL e oo T
GO TO 4B

TESTS OF COMVERGENCE AND STARYLL ¥

aooon

27 IF (KOUNT,LE,N2) GO TO 29
IER=-1
IF (U,EQ,V,0R,U,ES,8,14) GO 71 25
IER=0
IF(U,LZ,TERMY GO 7O 70

COEFFICIENT FOR UPDATIHG H

QoOn

29 Al=-U/(T-1,D8)
AZ=U/(T+1,06)
A3=TEN]
AQ=-TRN)
IFV,6E,M) GO TO A
ALEN=1 , T8/ (V-1
GO T

41 IF (U GE, AT GO TO 42
ALFA=1 13/ (TkN)y -1, 10 /')
B TO 30

42 TF(V,GE,A3Y GO TH A3
ALF A= (U-2, D%V / (% (1)--1)))
GO TO 209

43 IF (V.GE.A4) GO TO 44

c&’ga‘;;t."’lﬂ
44 ALFA=L, DR/ (Y-1))



UPDATE H, CYCLE

ann

38 DO 321 J)=1,N,1
Ji=]
DO 32 K=1,71,1
HOT,K)=H({K, > FALFAXHU (R M (D
32 HK, Y =H(I,K)
31 CONTINUC
GO T &2

TERMINATION

anon

58 Ni1=#t41
IF (N2 ,GE,2) GO TO 49
LIMIT=LINITHS
G9 TO &8

69 IER=1

COPY BEST RESULTS

00

7@ IF(N5,ED,B) IER=-1
IF(IER,EB, -1 ,OR,IER,EQ,2,O0R HA LT M) Hl=-1
75 F=FB
Do 71 J=1,M,1
IF(MNL,EQ,-1) DP(J)=n, 00
D2 =DSART (DP (J) /7ANFMN)
FCI)=FB(J)
71 G(HY=CBuil
FRETURM
END
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THIS SURPROGRAM CALCULATES THE FUNCTION DEFIMING
THE RATID OF ELASTIC DIFFEREHTINL CROSS-S5ECTION
DIVIDED BY THE RUTHERFORD CRUl.5-SECTION

*
w
o

xEx Ay Ne RNz
%

E2 8333380338838 830 230 it ittt bt it stits s ichiitissd sl ot

'

FUNCTION FNC OO
IMPLICIT REAL®8(A-H,0-2)
REALX4 UL
COMPLEX®14 XI,F1,F33,F32,F3 CHECL
COMHON/INP/ LL,21,22,A%,A2 . EFN
COMMON/TI/ 11,12,13,14,15
COMHON XK,A,01,02,03,04,P,0%,9:5,07,MP0, M, HTYFE
DIMENSION A(1898) ,D(1889) ,°F (1689) ,5(1888)
DPIMENSYON Q14108),02(108) ,03(170) ,04 (189) ,F (28) ,05(29) ,04 (28)
PI=3,141592454 N8
CH=197,32892 D@
ALP=7,2973515D-03
XM=231,5D@
XI=DCHFLX (8,18 ,1,D2)
RC=1, 4% ( (A1%20),3333IDA) + (A2F1H, 3TZIIDAY )
ARED= (A1XA2) / (A14+A2)
XHU=XHYARED
XK=DSHRT (2, XXHUXEPNXARED) /¢4
ETA=Z 1T 2XALFEXMU/ (CHRXK)
UL =5NGL (XKXRC)
994 CALL ALCLL,P(I1),F(I2),A)
CALL DL (UL, P(IL),=(I2) ,P(I%) 1)
CHECL=ALLL) RCDEXF (2, XXTRD(11.) )
IF (DREAL (CHECL~1,) ,LE,1,D-4) G0 TO 998
LL=LLE10
G0 TD 999
290 CALL SL(LL,ETA,S)
SINE=DSIM(XRFT/340,)
SING=SINEXSINE
F1=-XTRCDEX® (~XTRETASDLDG (517175 ))
Fa=8ING/ETA
CALL FL (L, X, [F)
F3=NCHELX (9,00 ,0, D0)
o 28 t=1,LL
XL=DFLOAT (L-1)
F31=CIENF (2, %X IKE (L))
F32-A (L) XCOEYF (2, %XTRD (1))
F3=F34 (1 ,~F32) % (2, 4XL41, D) %00 (L) $F31
39 COMTIHUE
FNC=CDARS (F1~F2KF3) %X2
FNC=DLOG1B (FHC)
C4n CONTIMUE
RETURN
END
SUBROLTINE AL (LL  XLF, DXL, M)
IMFLICIT REALZS(A-H,0-2)
DIMEMSTION ACLL)
PO 19 I=1,LL
l=T-1
YL=DFLOAT (L)
P (XL~XLF) /DXL
1F (P, LT,-50,)60 1O 2
IF (P, 6T, 470,060 T0 3
OmDEXF (~F)
ACTY =1, D0/ (1, D04+0)
‘ 6O TO 10
‘ ALY =0,
! \ - ’2 -

5]



aogdtn

50 10 19
ALL)=1 .00
CONTINUE
RETURN
END

T SUBROUTINE DPL(LL,XLD, DXL ,DLD,D)
IMFLICIT REALXB(A-H,0-2)
DIMENSIOM Dd(LY)
no 18 I=1,LL
L=I-1 ,
XL=DFLOAT (L)
F=(XL-XLD) /DXL
IF(P,LT,-58,)60 TD 2
IF(P ,GT,4+50,)60 TO 3
O=DEXP (F)
PLId=NLD/ (1, DOHQ)
60 TO 19
pLIY=DLD
60 1O 16
DI =0,00
CONTINUE
RETURN
END
SUBROUTINE SLLL <TA,H)
INPLICIT REALAXB(A-H,0-2)
DIMENSION S(LL)
§5¢=6,08
8(1)=68
Do 16 I=2,LL
L=Y~1
THET=ETA/L.
S5=58+IATAN(THET)
5(1)=88
CONTINUE
RETURN
END
SUBROUTINE FL(OLL ,XC,™)
IMPLICIT REAL%X8(A-H,0-D
DIMENSION P(LL)
P(1)=1,D0
P(2)=DCOS(XCX3,1415726/180,0H)
no 18 I=3,LL
l.=1
AL=DFLOAT (L)
POY=(2,%(XL-~2,00) 41, Y2 (DI AP (L~1) ~(XL-2, 1) %F (L.~2)
PLY=FPILY/ (NL~-1 )
CONTINUE
RETURN
EHD

SUBROUTIME TRAFD

PERFORNMS TINDICATED TRANSFORMATION OM THE DATa, AMND/OR THE
FPARAMETER GUESSES, FOR MTYFE,GE, 10

IMPLICIT REALYS (A~H,0~7

COMMON XK, A,X,Y,BELTY W, 5, EFE, GRAL, CHI, NP, N, NTYFE

DIMENSION ACLODD) ,X (100,716 , DELTY (100) ,W(100) ,F (20) ,EFS (260)
X ,BRATI (23)

DATA TWT/2/



IF (NTYPE,GT,12) B0 T 18

DD 2 I=1.MP,2

X¢X) =2, 099X (1)

IF (YCIY,LT,1,P-5) GO TD 3
IF(DELTY(T) ,LT,1,0-85)60 10

DELTY ¢I)=DELTY (1) /Y1)

W(I)= (1, DO/DELTY (1)) 22

Y(I)=DpL0518CY (1))

60 TO 2

Y(I)=—4,09

DELTY(I)=3,h@

WD) =0,D

CONTIMUE

RETURN

EMD

-

-3
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APPENDIX IV

INPUT DATA

12C + 181TA AT 18,375 MEU/N
ALSTER AND CONZET DATA (LOG SCALE)

19
8.?%?
1,01
1,91
8,98
8,96
8,97
1.81
9,98
B.??
1.94
1,05
8,98
8,921
0.?2%
1,89
1.19
1,29
1,25
1,22
1,089
8,94
0,81
@..57
A,46
7,38
n,312
8,25
0,166
B,122
7,193
A,053

~

8,299%?

0,810
2.8101

9.9898

92,9874
38,0897
89,9101
06,0098
2,8699
8.9104
98,0105

9.0098

9,289
02,8094
a,8109
0.0119
a,e0129
09,3125
B8.08122
9.9169
72,2094
09,0081
D ,0047
92,0138
0,0928
0.08312
B,9025
0,001464
n,00244
2,0030%
2,M0189

181,08

18,375




APPENDIX V
OUTPUT PAGE(1)

12C + 181TA AT 18,375 MEU/N

ALSTER AND CONZET DATA (L.OG SCALE)

INITIAL CHI-SQUARE (FER 28 NEGREES OF FREEDOM)

7.83342
FARAHETER NO, PARAMETER VALUE EPSILON
‘. 465,0000000000 -0,62480D~06
2 3.00000000609 ~%,294060~07
3 @,3000000000 -0 ,284000-08
4 446 ,20066006000 @,700090+089
S 3.,0800R60000 9,080000+00

THERE WILL BRE NO FIT FOR PARAMETERS 4 THROUGH §

RESULTS OF FIT

ND, (MAX) OF ITERATIONS

28 (24)

PARAMETER NO,

Gl 2 e

ERROR CODE
a
PARAMETER VALUE +/- DPF
64,1107382029 0.159140+09
2.57246808455 9,135%531D+00

0,3847672984 8,34607350-01

GRADIENT

6,913480+01
0,497210+01
8,228730+02
0A,200000+00
2,000000+00

OPTIMIZED CHI-SQUARE
2,903848

GRADIENT

~2,447410~07
-8,73%370-07
~-0,95264AD~06

'+l
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AdL)

8,23558E-08
8,75583E-03
B,24258E-87
8,77354E-07
0,24987E-86
0.89194E-06
8,25738E-085
0,B824604E-05
8,26511E-04
8,85080E-24
8,27381E-03
A,87568E-07
8,28650E-02
B,89471E-0D2
8,28159:-91
P,85B30E-B1
8,22985
h,48924
8,7545%
a,997%97
8,769319
B8,990826
0.79694
9,9998%5
0.99970
9,999%91
f8,?79997
8,99997?
1,0600
1,0003
1.0000
1.0000
1.8600
1,0000

APPENDIX V¥

OUTPUT PAGE (3)

A L)

9,.34738E-08
9,11149E-67
9,35782E-B7
0,11484E-04
9,36857E-06
8,11829E-05
0,379465E-05
9,12185E-724
8,3910%E-24
A,1254%E-B3
B,4026TE-M2

- 8,12911E-62

B,41321E--92
B,131425-%1%
9,40987E~-01
B8,120862
2,30567
0,58554
2,81932
A,93571
2,97994
9,99337
3,99793
n,7993%
a,79%08
3,79974
0,999%8
R,9999°
1.8001
1,0009
1,08000
1,0000
1,8000
1.0009

AL)

9,51240E-08
B,146445E-07
B8,52780E-07
0,16940E-04
8,54367E~-06
D,174495-05
9,546000E-Q5
B.17273E-04
A,57489E-04
B,13510E-923
?,59382E-03
B,19032E~-32
2,40331E-02
0,192264E-01
0,57304E~-01
M,146829
8,372373
,A7576
B,8469%4
2,75549
0,985469
f,7?95%0
9,27859
B,79756
7,77986
n,797?4
B,99779
11,0000
1,0000
1,000%9
1,08034
1.,6009
1.,66089
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