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ABSTRACT

ChargeSymmetrybreaking(css)inneutron-protcnelastic

scattering is examined. The isospin singret-tripret mixing

parameter 1 is calculated in a new waYi namely' making use

ofanoperaEormethodtocalculatetheCSBmatrixelement'
for the center of mass energy from 1O Mev to 500 Mev by

usingtheLivermorephaseshiftphenomenologicaldatafor
different angular momentum states' The distorted wave Born

approximation is used 'in the investigation of CSB due to

certainc}asslVforces:electromagneticinteraction(p¡¿)
with nucleon form factors' po-o) mesonic mixing and nucleon

mass-difference effects (uo) ' The Paris potential is used

for the computation of distorted wave functions'

Theresu}tsshowthattheisospinmixingisessentia}Iya

smaII quantity and of the order of 1 ' 6x1 0- 2 for the MD

effect on D-states' On the average' EM and MD give stronger

cSB than po-(t ef f ect. with the opposite sign ' MD leads to

thelargerviolation(atcenterofmassenergy>10oMev)
than EM does' Despite the traditional idea of the magnitude

of any scattering quantity decreasing with increasing

angular momentum' our calculation shows that the isospin

mixinghasan"anomalous"J-dependence;namely'the

strongest mixing occurs on D- states at c'm' energy below

1V



350 Mev. Às the energy further increases' the maximum in lt

due to EM effect shifts to the G-state' This tells us that

DwBÀ provides more information about tensor force and

thereforeisabetterphysicalapproximationthantheBorn
approximation.ourcalculationconcludesthatcshasthe
rargest vioration at around c.m. energy 300 Mev (on

D-states), which imp)-ies that the Lab energy 600 Mev wiII be

a good experimental energY'

For comparison with 9o:-' mixing' tto-1 mixing is

considered as well. This gives rise to a cläss I I I force '

and so gives no contribution in the neutron-proton system'



ACKNOWLEDGEMENTS

I would like to express my deepest appreciation to my

supervisor, Professor J.P.Svenne for his encouragement and

guidance throughout the course of this project.

Special thanks are extended to Professor T.A.Osborn,

Professor W.T.H.van Oers, and Professor J.BirchaII for their
heuristic suggestions.

Also I am grateful to aIl those Physics graduate students

who helped me, especially to the theory group students and

my friends for their helpful discussions.

v1



1 e

s

o

v

I

vt

L

J

lt
e't

À

À

SYMBOLS

Àbsolute value of electronic charge

Spi n

Pauli matrix

The ccmponent of sPin

I sospi n

The component of isosPin

Orbital angular momentum

Total angular momentum

I sospin mixing Parameter

Angular momentum mixing parameter

Unit vector of À

Operator A

2

3

Ë : Vector or oPerator A

À : Scalar À

ßo r Mass of Particle a ( in Mev)

M : NucLeon mass, 938.2592 for I=1

frr,=137.27, mn=548.8, ßP=770'0'

g2q6/4L : CouPIing constant of â'b

938 .9055 for I =0

ß-=782-6

¿I

s2, /+r=1/137 , 920^ /+r--6.6445, gIu*/an=14.5

* : Nuc leon wave f unc t i on

Õ : Pion wave funct ion

vit Spherical harmonics

Pit Associated Legendre function

jr, SPhericaI Bessel function

- vi i



5. Kn: Neutron anomalous magnet,ic moment, Kn=-1.91

Proton anomalous magnetic moment, Kr=1.79

Proton magnetic moment,r l.tr=1+Ko

I sovect,or magnetic moment, Kv=3.7

natural unit system is used. (ñ=c=1 )
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CHAPTER I. INTRODUCTION

The study of charge symmetry breaking (CSg) in

nucreon-nucreon scattering has particular importance for
several reasons. First of all, in neutron-proton scattering,
one wourd like to verify that isospin is not conserved,

giving rise to transition between isospin singlet and

triplet states. In proton-proton or the ne.utron-neutron

scatterings, isospin is conserved but the charge symmetry is
broken. secondly, it wi rr provide some fundamentar

information about nucÌear structure, charge-dependent

nuclear forces and the internal symmetry properties of

element,ary particre physics. In addition, because. of the

unambiguous discrepancy between results from two recent

theoretical calculations of the neutron-proton polarízation
difference [1], this topic seems stirr to require further
study.

The properties of nuclear force have been studied for a

long time. Since neutron and proton have so many like
properties except their chaFgê, they are considered as two

states of the same particle, the nucleon 12). Such a

two-state system i s mathemat ically ident ical to the

formarism of a spín-1/2 particre, and is now called isospin.
rn this isospin formalism, proton and neutron states are the

1
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a two-by-two Pauli matrix r3 with eigenvalueseigenstates of

!1 , i.e.

I pt=

1 0

1

I nt=

electron ic

as a basic

(1.1)

(1.2)

charge.

tool to

0

f3=

10

0 -1

then the charge is related to isospin (I.=1/2r") in the

nucleon case as

O=(r,+l/2)e (1.3)

where 13 has the values x1/2 and e is the

The isospin formalism has been considered

study the nucleon interaction.

Iu,T]=o

Early in 1932, the hypothesis by Heisenberg, Condon and

Cassen t3l stated that the specific nuclear forces should be

considered charge independent (Cf ) , which means that the

forces between D-p, n-o, p-p without taking into account the

Coulomb electromagnetic effect, are assumed t'o be the same.

The interaction of a system is charge independent if the

Hamiltonian of the system H commutes with the total isospin

^operator T, i.e.

(1.4)
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which imp).ies that H is an isoscaLar and is invariant under

arbitrary rotations in isospin space. Those postulates had

been in agreement with some low energy Scattering

experiments until in 1960's, when it was found that CI of

the internucleon potential is only an approximate rather

than an exact symmetry [3,4,5]. For CI it must be assumed

that the masses of the different members of the meson

isospin multiplets (e.g. Ít,Ío,Í-) are the same and the

nucleon coupling constants (e'g. Gr,.np ,Grronnetc' ) as well'

However, this is obviously an approximation since t5]

^rfl 
Ïf\rrt - mno

Yn {(m+ +m"")
3.+ ol"

n exp
i.l

(irrz(i))

(1.s)

behav i our

one, or

of charge

defining

(1.6)

The nucleon forces are considered as

i f one only examines the equaJ-ity of

but says nothing concerning about the

charge symmetric (cs )

the n-n and P-P force

n-p force.

By definition, charge symmery requires the same

for a charge-reflected system as for the original

the invariance under reftection about 1-2 plane

space, where the charge corresponds to 3-axis' By

the CS operator, or charge parity operator, t6]

P exp(inT2)=
cs

whe re T2 is the comPonent of T along the 2-axis, i.e

T 2(i)TT
i= I

(1.7)



wi th the.

function

baryon number (or

+ therefore can be

nucleon number )

transformed as

4

A. An isospinor

follows,

Pa, * exp( ioi r/zl* ír 2* (1.8)

where ì r=Z6z is the isospin PauIi matrix

corresponding guantum number. In particular,

proton, the wave function is transformed as

and

for

the

and

t2 is

neut ron

*o**n , .+n-) -+P (1.e)

SimilarIy, an isovector function Õ can be transformed as

ô., Õ= exp( i oô, ) o (1.10)

and for neutral and charged pions, the wave functions are

lransformed as

iÞ*-+-iÞ-, Õ--+ -iÞ*, Õo-+ *iÞo ( 1.11)

If CS is a valid symmetry, then

H] 0 (1.12)P
CS

on the other hand, equality of n-n and p-p forces is only a

necessary but not a sufficient test of charge symmetry. For

two nucleon ( i , j ) SyStem, P., does not on)-y commute with

the isospin scalar operator, (which corresponds to CI)

[ Þ"., r(i)'r(j) ] - o (1'13)

but also commutes with t.he third component of isospin (which

corresponds to CS)
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(1.14)

Some exper iment,a I

systems, such as

I p , Ts(i)T3(j)] =Q

resuLts of
2H(n,p)nn,

the reactions in few nucleon
3He ( 3He, 4He ) pp, 3ue ( 3H, 4He ) np

TÀBLE 1

Low energy NN scattering parameters: scattering lengths a
and effective ranges r

a(fm) r(tm)

np(r=1) -23.7'l5ro.o15
nn -1 6.910.6
pp -7 .82810.008

(corrected for EM effects)
-17 .1!0 .2

2.73r0.03
2.65*0. 1 I
2.8010.02

2.84r0.03

are summarized in table 1 17,11. In the absence of the

Coulomb interaction, the difference of scattering parameters

implies that the nuclear force is not charge independent but

may stiII be charge symmetric since the scattering lengths

a after the Coulomb correction are matched within the error

bars, which implies that CSB is a weaker effect than CIB.

In Lhe 1970's, it was realized that the evidence for charge

symmetry breaking (CSs) came from the few-body reactions

with two nucleons in states of mixed isospin, then the

systematic investigations of Coulomb energy differences in

mirror nuclei and isobaric analog states were carried out

l6l. Besides the 'Nolen-Schiffer' Coulomb energy anomaly

[8 ], which is the most convincing example for the CS
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violation, perhaps the best case for observing csB comes

from the detailed study of the binding energy difference of
the mirror nuclei 3H*3He because of the simpricity of the
\.rave f unct ion. Brandenberg, Coon and Sauer ( 1 97g ) t 9l
stuciied the static coulomb potential contribution by

considering not only n-p mass difference, but also the
effect of exchange currents on the electromagnetic form
factors. They computed the total electromagnetic
contribution to the binding energy difference between the
mirror pair, and found that the difference.between the
theoret ical carculat ion ( 693t29 kev ) and the exper imental
varue (764 kev) is 81t29 kev. For the two like nucl_eons, the
ground state wave function is more than 90eo in state rso,

the small binding energy difference directry reflects charge
asymmetry in the isospin f=1 N-N system.

Theoreticall-y, there are two kinds of definitions of CSB

in use. one is stronger than the other. The weak statement
says that the n-n interaction is not the same as the nuclear
part of the p-p interaction. This statement is tested by

comparing n-n scattering with p-p scattering. The stronger
one states that exchanging neutrons wi th protons
simurtaneousry in any experiment obtains different resurt,
which somehow impl ies rhar rhere is a rerm (;ti:r'Ii. * presenr
(see eq. ( 2.g')). This can be tested either in f inite nucrei
(..g. mirror nucrei ) or in nucreon-nucleon scattering. so

far, there has been no direct measurement of csB obtained.



7

CSB has been studied mainly through the comparison of the

differences between neutron- proton scattering quantities.

Recently, E.M. Henley, G.A. Miller and C.Y. Cheung t10l

(1979 ) computed the di fference of neutron-proton

pola rization caused by class Iv CSB forces [ 1 1 ] in n-p

scattering. In the center of maSS frame, CSB effects due to

one-photon exchange, meson mixing and nucleon mass

difference l¡ere examined. On the other hand, À.Gersten

112,131 calculated those effects in the helicity

representation and with the Born approximation (a¡),

obtaining a phase parametrization, ,r, of CSB, as well as

the difference of neutron-proton polarization . The results

from these two calculations are dramatically different,

hence this seems to raise an interesting question to see the

relation and difference between them, and more importantly,

to find a better vray for describing CSB phenomena.

In this work, the CSB phase parametrisation is calculated

in a new wây, namely by use of an operator method to

calculate the 1, in terms of the scattering matrix csB

element, hence one can get a series of NN scattering

quantities. In Chaptet 2, a basic CSB theory is presented

mathematicalty. FormaI scattering theory is generalized to

CSB case. In terms of the distorted wave Born approximation

(owse), a cSB isospin mixing parameter formula is derived.

In Chaptet 3, in the n-p system, CSB mechanisms, i.e. one

photon exchange , po-c,s mesonic mixing, neutron-proton mass
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di f ference are studied for di f ferent energies and var ious

angular momentum states' In Chapter 4' the Paris NN

interaction potentiat is cited parametrically and used for

the computation of distorted wave functions. The asymptotic

behaviour of the wave functions is determined in Àppendix

A(4). Results for different center of mass energies from 10

to 500 Mev are discussed. Physically, since the DI^IBÀ

includes more information about the tensor forces, the

isospin mixing wiII have a totä complicated angular momentum

dependence than that from the Born approximati.on [12]' In

some sense, the DwBÀ is a better approximation than the BA

f or the n-p scattering. From t,he calculation of this

characteristic quantity, we expect to obtain one particular

energy at which the cs has the largest breaking. At such an

optimum energy, the CSB effect can best be observed

experimentally. FinalIy, a summary and conclusion is made

in chapter 5. In Appendix À(1-3), the detailed calculation
'\'l 

-:^^ -^rriv ie ñr^rriÁcd ion withof CSB scattering matrix is provided' Às a comparls

the class IV force mesonic mixing, a theoretical derivation

for t.he class III force due to ro-t7 mixing is given in

Àppendix B. The computer programme Iisting is attached in

Àppendix C.



CHAPTER II. CSB IN N-P SCÀTTERING

Z.I. CHARGE SYMMETRY BREÀKING ÀND CLASS III, IV FORCES

HenIey and Mi ller have cl-assi f ied f our types of nuclear

forces according to their isospin (or charge ) dependence

l6l. CIass r f orce is proportlionat to it i l'it i I where ?t i I

is the PauIi isospin matrix of the ith parti-cIe. Because

this commutes with total isospin, it is charge independent'

class II force is proportionar to r¡(i)rg(j) where rs(i) is

the third component of ì. Obviously it maint'ains CS since it

satisfies the equ. (1.14) but breaks CI onIy. Class III and

C1ass IV forces can break both CI and CS. They are both

isovectors and are defined as

+ rs(j)) (2.1)

for class IItr,
isospin and

where d is a coef f icient independent of

(rg(i) r¡(j)) + f. G(i)xit5))' (2.2\

for class IV and e,

spin variables.

f are different functions of space and

v[ = d (rs(i)

vtv=e

II

give

ts

rrse

important

to i sospi n

to note that a

mixing in the

class III force does not

two-body system since

T2 lc<[T¡ r¡2 0

9

(2.3)
N



hence it onlY affects n-n

in isosPin under Particle

f.orce does cause i sosPin

under the exchange of 1<-+ 2

class IV force is

i is the orbital

Irr(r )-'.( z))l;(1 )-;(2) ]'; Fe (i',i',ì')

J J J J . J

t?t I lxr(2) I ¡ [o( 1 ) xo(2) ]' r,
--liJ(r2,P2,L')

10

and p-p systems and is symmetric

exchange. However, a CIass IV

mixing, so it is antisymmetric

nucleons. The simPlest form of

(2 .4)

angular momentum operator ' Ë =E 1 -Í 2

the relative coordinate and momentum'

two-nucleon system. This leads to the

and tL, states. In this work, w€ will

force to calculate the CSB mixing

examine the class III force

F
ç

where

and p
llJ

=ï(or-Pz)
respectively, of

transition between

study the class

parameter and

comparatively.

are

the
3¡

T

IV

on Iy

2.2. CHÀRÀCTERISTIC SCATTERING OUANTITIES OF gSB

I t is known that CS is a consequence of isospin

invariance, which is the first "internal Symmetry"

postulated in fundamental particle physics. In view of its

practical and principa). importance, it would be highly

desirable to have a detaited as weII as accurate test to

investigate not only the degree of isospin non-conservation,

but the more important characteristic CSB parameters, i 'e '

charge symmetry breaking isospin mixing parameter, the CSB
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1

amplitude as a function

pola r izat ion d i f ference

other sPin observables.

of kinematical variables

in two-body scattering as

and

we 11

the

as

Because charge symmetry breaking makes transition between

spin singlet and triplet states possible, this means that

the transition amplitude is nonvanishing. For a given n-p

scaltering angle 0, âs shown in Fig.1, the polarization

difference between proton and neutron is non-zero,

(n)

0 (P)
(n)

P
I

1T-0

(P) Pf

(n)

g^ (P)
(n)

0P 4

(P) 4

Fig l-. n-p scat.tering in ceter of mass f rame



AP(O) P (o)-p
n

(r-0)
12

(2.s)

(2 .6)

P

and similarly for the analyzing power difference

AÀ(O) An(0)-oo(:r_0l

Considering that neutrons and protons are Fermions,

generalized PauIi exclusion principle requires that

two-nucleon state lurI,S,L> be antisymmetric under space'

spin and isosPin exchange. Since t

l+5+L
(-1) lo,I,S,L> (2.7 )

this means

¡+S*L
(-1) =-1 (2'8)

that is, the constraint I+S+L=odd must hold, where P,Pt,PS

are the parity, isospin, spin exchange operators and I' S'

and L are isospin, spin and orbital angular momentum guantum

numbers respectivelY.

In the n-p system I a class Iv forces requires aI= I'-I=

1, and Since parity conservat,iOn requireS AL = even' One can

only have As =sr-s = 1. As a consequencef spin (isospin)

singlet,s and triplets can mix. On the other hand, in the

case of class III forces, AI= 0, then parity conservation

implies that AS= 0 as well.

Àccording to scattering theory [14], the scattering

amplitude including csB, which is usually called

six-amplitude form, can be written as

the

the

PPIPs la,I,S,L)=
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JJ

T(k ,k) =ø + ßot . n +l
J.n + ô

JJ'r(o't+sr¡ n

+

llO z

ifB(i,-àr) J J J lJl
Ia z . L (2.s\+ O r' fIìO z . flì eo t

h'here the coefficients are calculated by equ. ( 2.10 ) and in

Appendix A(1)).particular, the CSB coeff icient is f"(see

&

np

,|

ô

€

=-l--- m
A LL ¡
+
t . J 1- 3.

=¡Tr ITo r. noz.n J

I - -r 
A

==frrtr(ä,*ã'u).îl
üt 

^ ^I - J JJ J-
= + Tr LTo r. moz.mJ+

rr-1,-5
=ttr Ito,.lo2.IJ

l-JJ==r-Tr LT(ot-oz).tt

(2.10)

ctg
J
n

Equivalently, in the center of mass frame, the scattering

T-matrix is

T
J
k f k

I
z [ (a+b) + (a-b) (ã

^JJ+ (c-d)(or'I)(oz'
1'

JI)

J

n) (
^^^JJJJJ

o2.n) + (c+d) (or.m)(oz.m)
À¡

JJJJJ

e (o1+oz)'n + f.(or-oz)'n]+

where use has

vectors

(2 .11)

been made of three mutually orthogonal unit

--¡ J

i K¡*Ki
v -' lJ J 

I

lKç+Krl

-J J

K : K;X Kr
n- - t-lË-*Ê,1

-)
m

K + L

J
Vt\ I K

The relat ion between

exarnple,

(2 . 12)

these two frames is obvious, for

I

2
(a+b) po {tu-ur (2.13)



Therefore, the

computed for the

)
4¡= ine (

o-

non-zero analysing

polarized nucleons

.14

power difference can be

as t 1 5l

(2.14)

before and os is the

scattering of unPolarised

i n Lerms of a standard

(2.15)

þ
b t = #Re[ 

( o-g\r r,)

ì, t.?ort/o"

where o,A,fB are defined as

differential cross section for the

particles.

The polarization difference,

formula, [16] is

a(9) =ln" rr(r-*(A -z-- s n

where the transition operator T

dominant charge symmetric Part T

part ôT, defined bY

T=Ts+ôT

considered as the

symmetry-breaking

has been

s PIus the

(2.16)

where Ts is determined by a phase shift analysis such as

that of reference [ 1 7, 1 I ] . As long as one knows the

transition matrix, aIl the scattering quantities can be

ca 1c ulated

2.3_. FORMÀL SCÀTTERING THEORY GENERALI ZED TO CSB

In this section, we describe sCattering theory in the CSB

case such that the isospin transi t ion can be studied

exp).iCitly. Formal scattering theory tells us that the

S-matrix in the barycentric system has the general form t 1 9]
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(2.17 )<ulsfa> =o(Ëu-o).i+,s',r' lslË,s,e)

where we have

be zeto, and

al
^.<k

ready chos

çr5'rYtlSl

e

k

n the total initial momentum to

s, e) represents an element of

subspace, which means Lorentz

the scattering sYstem. On the
S-matrix in the barYcentric

transformation invariant in

energy sheì1, we have

'?+,r',v' lsli,r," =lo[e(k,
J I

)*e(k)lct<
+
,s',u'ls(k)lk,s,r>

(2.18)

whe re

p
t-

<
K 'l (

dé (K)

dr (2.1e)

pÊ is the density of energy and is equal to Uu/Z for

neutron, proton system. M is the nucleon mass. e(k) is the

energy of. the two particles when their respective momenta

are Ë and -Ë. Also the unitarity of S-matrix gives

AA
JJ<k'ls.slk> =ô3,:k,K

(2.20)

where

ô:
K

æt
:= t I Y
K L:o vn=-L

m

L

J

k ' )v-r(i)t
(2.21)

The relation between S(k) and T(k) is

'i,,'',''lS(k)l?,''"
Ĵ

. 6t.i -2r i p<k
v.'u " Ki.l, - -'e {

I

ôô ,s'u'lr(t<)lk,su>
(2.22)

s,



it spin singlet and triptet are mixed (5'*s), equ. (2,22) is

simplified to give s and T proportional to each other,

Â,^ll 1
.?n,u' ,v'lT(k) lk',r,rt = -*0.'Ëf ,s''v'ls(k) lk's'z> (2'23\

16

alI,
then

one

To solve

remembe r

making use

has a very

^

J

for the matrix 4k,
I ,s' ,v'ls(x) lk,s,r>,

the notat ion 'îf , s' , !' lI' ,ttì' , s' ' Y')=

J
<k ,s' ,e'ls(x) lk,s,v>

Lr )+

where v' is defined as

^-J ô'J J.I',1's'/'l-A lk,rsz>

of the wigner coef f icient <1',s'rtî"v'lJ'Mt'

useful formula

år,r's'v'tVttâ

J

=f, Y
mrmM

rn

L.

<l' s' m' v' I J,Mt<lsmY l¡ r¡'t

f irst of

v[' {Ë, ) ,

t?'lri*tËl

I
,Isz>SUr,,rr(k)

(2.24)

(2.2s)

FinalIy, the

-J

T-matrix in (f,S¡¡l) representation is

(kt,s' ,v'lT(k) lË,r,,' l¿

L.LJ
<k tv ts

(k'rk)

(2.26\

on t,he energY sheIl., k'=k, wr i te

I
L's', Ls

T (k,k) (2.27 )T (k)
u s" us

It is clear that equ.(2.22) or equ. (2.231 has the symmetry

of rotation invariance, ÀIso, if parity is conserved' the

orbital angular momenta L and L' must be both even or odd'
.f

l,loreover, time reversal invariance imp)'ies that SL'5',LS rs

symmetric, i.e.

J

k
J

vêI >T,Lsv
T

Lts'.

t



S
7 I

S
1,5/, LS rs, u's
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(2.28)

the

bya

Appl icat ion of group theory

symmetric, uñitary matrix SrTr,,r,

real, orthogonal matrix-U with

[ 20 ] guarantees that

can be diagonalized

..7
2t òx

S
J

ús', ls

L=J S=0 I

L=J S=1 I

L=,J-1 S=1

L=J+ 1 S='l

=IU
o( rJs'; o< e Ur¡;tS (2.29)

(2.30 )

where the exponential term is the diagonal element of the

S-matrix and ô: is the real eigenphase shift indexed by a

corresponding to spin 1 and 0. Thus the scatbering matrix

can be expressed explicitly in terms of the eigenphase shift
T

ô; and some mixing parameters. To characterize the
T

submatr ix Sur,.r, , one needs n (n+ 1) /2 real parameters , where

n is the number of combinations of (r,,S). GeneraIly, f or a

system of two spin-1/2 particles, the four different states

of L and S which can coupl-e to a given value of l.rut are

lx

lx

lx

lx

JM

JM

IJ

IJ

M

M

Recalling the fact that neutrons and protons are Fermions

and the isospin is determined by the condition that L+S+I be

odd, there are all together thirty two independent terms

<k'L'S'I'JM lrl kLSIJM> contributing to the transition. The

general constra ints of conservat ion of angular momentum,

time-reversal. invariance, parity conservation and charge



asymmetry allow us Þ,o reduce these thirty two terms.

parity conservation implies that the NN interaction

result in the T-matrix elements with

< kt Lt=J S' It

< k' L'=J+1 S' It

kL=JSI>

kL=J+1SI>

k L=J+.l S I >

1B

Namel.y,

can only

(2.31)

then AS the

I =0 >

I=1 >

I=0 > (2.32)

I=1 >

< A,I'=1 lTlBrl=0 > =

A,S'=tltln,S=0 > =

possible cases that

lrl
lrl
lrl

In n-p scattering, CSB requires AI

possible T-matr ix elements are'

< k'

< k'

< kt

< kt

r t-r
lJ-u

r I -l

Lt =J

? I 
-TIr -rJ

St ='1

St =0

S'=0

St =.1

t I -ll' -l

I '=0
r I 

-lI -l

I t =0

lrl
lrl
lrl
Irl

S=0

J-l

5= I

S=0

k L=J

k L=J

k L=J

k L=J

and t ime-reversal

< B,I'=Qlrle,r=t
<B,S'=0lTlÀ,s=l>

concern us are

< k' Lt=J

< k' L'=J

invariance says that

> and similarly <

such that the onlY

St=1

St=0

I t =1

I'=1
lrl
lrl

S=0

S= 1

k L=J

k L=J

I =0 >

I =0 > (2.33)

which are related each other bY

two-body interaction, n (n+ 1) /2 =

2 matrix with three indePendent
T

aIì the propert ies of S,,c, 
LS

some phase factors. In ihe

3, hence one can find a 2 bY

parameters to characterize
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?.L. CALCULATION OF çSB MIXING PARÀMETER

To invest,igate the n-p csB phenomenon, one can calculate

some scattering quantities, such as scattering amplitude,

pola rizatiOn, analysing power etc. one of t.he most important

characteristic quantites is the isospin mixing parameter'

From the equ. (2.2g), recalling that L=J here, w€ define an

unitary matrix in terms of. an isospin (hence spin) mixing

parameter lr.

|""'
L -sin7'f

sinl
1

U
T

T

(2.3+)
S c{

cos.},,T

Here the

CSB one.

4 by 4 scattering matrix S is reduced to a 2 by 2

s=0

v=0 y=l

s=1

v=0 v=- 1

st=0,v'=0

y'=1

st ='1 , u' =0

y'=-1

s s

s -.+s (2.3s)
2x2 2x2

s 4f.+

and the form of the S-matr ix for v' =0 ,1 ì v=0 ,1 i s

cos ( 27r) exp(2 i4,.) isin (zl.,) expI i (4ro*{tt ) ]
T

J

!=

f.S,,TS

isin (2i-)expIt (4r"
J

+ô frl ) I cos(27 )exp(2 i ôyr\)

(2.36)
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vrhere use haS been made of the "Stapp" Or "bar " phaSe shi f t

parametrisation t21]. Ànother parametrisation is proposed by

Blatt and Biedenharn 122) and the CSB S-matrix has the form

z ìår'
' 2iLro

cos'7r e 3iE"' LsinÌrr("ti6"o+sin27
T

-e
l

s
f 's'.Ts

! s i n2rr(.ti6"o \ ' zt6rro
) cosrrré'r¿v + sin27

ôrro * ôttt = 6rro *

sin(ã-rro -ãrr, ) =

sin(6rro-ôrr, ) =

zi6rrr

ô tt,

Lan2l, /lan27"
sin2! /s).n27,

) expI i { ôrro *ôt'

) expIi(ôr]o *ôr'

zi 6:rr
e

T

However, it is quite easy to show that t23l

(2 .37 \

( 2.38 )

( 2. 3e )

It iS mgre convenient tO use "bar" parametratiOn in the n-p

one-photon exchange interaction.

Now as J=L'=L, !=1, vt=0 we have the Sub-matrix element

-Í )l
)l

S ¡o,rl sin(27
T

sin(27

L

=1

where the di f ferent

singlet and tr iplet

equ. ( 2.23) , we have

terms of phase shift

I

phase shifts correspond to the spin

transition state (¡r,s). Making use of

the CSB scattering T-matrix element in

and the "bar" mixing Parameter

T =_ I

,n Pe

sin(2f ) expIi(ôrro +ô )l (2.40)
T71T

to,7t f
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Since CSB is a weak breaking of sYmmetrY,

then equ. ( 2.40 ) becomes

î
T

is a smaIl,

guant i tY 
'

,|
f

-rorTlro't exp[-i ( ô7ro *ôT¡i )l (2.41),

Às long as the transition matrix is known,

calculated di rectlY '

'l
T

can be

There are many waYS to calculate

used the Born aPProximation in the

Í12 ,241 and C. Y. Cheung .o*Pr..,t.d i t

Born approximation t251. The result

the T-matrix. A.Gersten

he l ic i ty representat i on

with the distorted wave

of Cheunq is 126)

1

=-<fp
2x

N +

L
(2.42)6T V iÞ

+i ç

and for S, =0, tü=,

lm-çUI 51 T $ t z.r*r I cr expI i ( ôrro +ôrr, ) J

.exp( im¡ dle| te ) ( -m. )<.:1 ;Jmi l;01*t t (2.43)

whe re

G, dr r? f (r) Rrro(r) nrr'(r) (2 . +4)

as ffi. =1,
L

î #12¡+1)
expIi ( ôr7o *ôrr, )

rù
P (0) (2.45)ôT G e Jst T

wher€ Raro and

s=1, and f(r)
mechan i sms.

R TT\

is

are

the

radial

radial

wave funct ions for s=0

dependence for various

and

CSB



Before starting to work out T' bY

22

an operator procedure,

the sPher ical

be used here '

coordinate f rame with ti, ,ã, õ'l is suggested toï
as shown in Ftg.2, withJ J

,0
J

,ô arek (

cos e-
I

k I
J
k

sin0
:
ô+

J

k X
J

k r
(2 .46')

J

0,f Q+x if

then

v*n:
J
K

¿ - d,t* -t,**#fà Kf

(2.47 )

l<

:
Kt

0,ç

0
J

0
+

,l

Fig 2. Illustration of the unit vecLors
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= yt =0 , S. = 1 ,
L

In terms of

y =1 can be

equ. ( 2,26) , the matrix element of t*

calculated as

=f,
t't T

ôT
^^J.l<k"oo lr(k)l k,1lt .i',r'oolVtli,rlr>r t

s
to, tl

(2 .4e)

and for I=1'=J,

After some

scattering

^^r .a¡T,J 1
k"J00ly lk,J11>T_. _JOfTlôT (2 .49)

calculation (see Appendix A(2)), we have the CSB

matrix element

-t¿-þsl r

tT.,:*.t*zJZr
(z-r+l) Gy p, ts ) Tå,,,
T(r+t) 4n

where a, is a coefficient which is equal

combining equ. (2.50 ) witrr egu. (2.19,44,45) ,

obtain t.he "bar" mixing parameter in the

following,

- 1 6zkM ¡ 1¡+'1 ) cr

(2. s0 )

to 1 t191.

eventually we

DWBA as the

(2.s1)T-f

where k is the momentum, M is the nucleon mass and Gr is

computed with the help of the Paris potentiaL 127) and the

1993 phase shift analysis by Arndt et aI[18]. In principle,

after ôT is known, in terms of equ. (2.14,15), the difference

of polarízation and analyzing power etc. can be computed as

weLl.



CHÀPTER III. CSB CLASS IV FORCE MECHÀNISMS

In general, charge asymmetry and charge dependent effects

can be broken up into direct and indirect interactions Ig]:

The direct interaction includes a) the coulomb force with

or without nucleon form factor, b)ttre vacuum polarization,

c) nucleon mass difference, d) the magnetic forces. These

effects are present even in the absence of hadronic forces.

The indirect interaction includes a) the mass differences

of neutral and charged mesons which are exchanged between

nucleons, b) mass differences of baryons on meson exchange,

c) radiative correction to meSon-nucleon coupling constants,

d) meson mixing caused by electromagnectic forces' e) a

force which arises from meson and photon interaction, f)

life-time of the meson exchanged. These forces cannot occur

when there is no hadronic force. In this work, only three

effects are discussed.

3.1. THE DIRECT ELECTROMÀGNETIC EFFECT

The considerable success of quantum electrodynamics in

accounting for the properties of t.he electron-photon

interaction has been developed to deal with the

electromagnetic interaction of elementary particles. The

general electromagnetic Lagrangian density can be writLen in

the form tsl

24



L.-( x )

(em)
el'

À
(x)¡ (x)
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(3.1)

Iepton ic

(3.2)

( 3.3b)

(3.3c)

where AÀ is the four-vector potentiat describing the

electromagnetic field and al"^t is the total electromagnetic

current which satisf ies the conservation relation à^fI*'- 0'

Further, I-f"-) tun be decomposed into hadronic and

parts each seperately conserved' thus

(em) (em)
f +f

^À
[^

Theleptonicparthascontributionsfrombothelectronsand
muons' which wil-L not be discussed here' Fo' f¡ ' the

hadronicpart,itisgenerallyassumedthatitconsistsof
isovector and isoscalar parts and is expressed with

Lagrangian field theory' However' of more importance is the

use of Lorentz invariance arguments to express the matrix

elementofrxbetweenhadronicstatesintermsofform
factors. In the n-p system and isospin notation, the form

factors are defined as

(n)
1 Fz

(n)
- Fz

S

1

I

F

F

1

z
1

2

s
a

2

F

F

(
(P)

Fl
(P)

Fl

(P)
F2

(P)
îz

(n)
+ Fr

(n)
- Fr

I

2
I

2
) (3.3a)

r'tPt (o) ='t

r\"'(o) =Q

where the superscriPts (s)

i sovector respect ivelY '

transfer ( non-reIat ivi st ic

F: (o)=1/2

FY (o)=1/2

and (v) indicate isoscalar and

In the Iimit of zero momentum

case), K2=0' one has

rftto)=Kp

eTt t o )=Kn

F
5

2

Fz

(o)=(Rp*Rn]l/2

(o)=(Kr-K^)/z
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and a form factor relation Í26)

vssv
FrFz-F¡Fz =+tci tq)r2rrp K/(r +#)1 (3.3d)

where cf tol= (t+q2/Q2)-2, with Q2=18.23 fm- 2 , and K, = ur-1 ,

magnetic moments of the Proton and

i s the magnet i.c moment .

Kn = uh

neut ron

are the anomalous

respectively. !p

Thus,

exchange

the di rect

is shown as

eLectromagnet ic ef fect wi th one photon

Fi9.3

R Pí

r

P, PL

Fig 3. EM effect of CSB



) -'t

The nonrelativistic photon-nucleon (Ope) interaction

Hamilronian is [28]

Hru, =E { trf .ni , r)tvÀr^-(ul.t] ', )¡| o^u lvrÀts) }+ (3.4)

s
where Fl' F

SV,Fz',F; are def ined as in equ.(3.3c). Through

of Feynman Rules and transformat ion

amplitude to nuclear potential, i.e.

the

application

scattering

of

V _1(- 8"') exp( id ;) t d 3q (3.5)

the class IV part of the interaction potential'is 126)

1,/

I
g1 Kn

- 
+" 4"'

t_
r

d (+) . Q8 d
L

It lr¡( 1 )-'r(2) I(ã,,-drl'ï { dr 3l dq'

r(F #Læ) + #( 1

Y

-Gr
+

KP

+ *(+ e-2M') I tp

4M'-G,'

(3.6)

If we write down the class IV potential in the form

N
f ( r ) [rs (1 )-rs ( 2) )(o t-oz)'L (3.7)V

we have for one-photcn exchange force

I (r) e2 Kn1 d
=- -41 4ML r dr

form-factor

anci is to be

I

r
+form-factor contribution ( 3. B )

where the

equ.(3.6),

contribution is

considered in our

of the Íorm i n

computat ion.
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ì

2B

1) Po-çs MIXING
J.='

Ànother source of CSB is the electromagnetic mixing of

neutral mesons of the Same spin and parity, but of different

isospin. Mixing occurs when a perturbing Hamiltonian H'

violates some guantum number; thus when the total

Hamiltonian (Hs+H'¡ is diagonalized' one has eigenstates

with definite guantum numbers. One effect is po-u mixing,

which can be experimentally observed and the mixing fraction

of electromagnetic is of the order of 4eo t6l. From the

Feynman graph shown in Fig 4, '

P -?,

po C,J

H ¿rr,

P
-?

Fig 4. Po-ctL mixing effect of CSB



lhe neutron-proton scattering matrix in the

limit, with the Born approximation is given

29

non-relativistic
bv t6l

-t- P'-û) j, 3-(¿d \Heml P" )
( q'+ -;l ç q'+ mf,)

Irrt'f)+f](2)l

t
I -J

I

K"q' ,

4Mt '

]/z + Ku

(1+Kv) i d_q'_
4MtL'|

l(;(,1 +Ë(a))'

'lJ2 a(
¿

î ^Ë\

dtzr q" 
J

+
4 M'

+[r,rll*r](z)l ñ d.É 
I4Ml

ü(t) - o'(2)

(3.e)

eo=o and Ë = ;,.â;, â- à,.i, is rheJJJJJ

where Q = P'-P, P =P'*P,

where the mixing

several methods.

L

tensor operator. K' is the isovector magnetic moment=3.7.

Here we have ignored the term of order e2/u2 and the

normalization factor obtained from the conversion from the

Bethe-Salpeter equation to the Blanckenbecler- Sugar

equation. Similarly to use equ. (3.5), one can obtain the

class IV potential part of the po-cl mixing

IV

P(^)

9r3., K,, (t^ltHo*lP")
{-n 4Mr ynrt - lñp'

Ir,c1) - c,(z)l tË,- Ë,1'i

+¿-*(.-rner - e '-t )y dr r \-
(3.10)

matrix element <c'JlH"^lpot is predicted by

For example, Henley and Keliher [6] give

<o lH.rn I po > N 2m, (m--m r) ( 0.0045-0. 1894q'/^31

fr -3.7x103 Mev2 at the pole q2=mÍ (3.11a)



In our calculation, the experimental value is adopted,

<cdlH.rlpot -3.4x103 Mev2

of lt

30

(3.11b)

(3 .12)

þy e'e

coupl i ng

Some numerical results of nucleon-nucleon phase shift have

been calculated' by taking inLo account the appropfiate

superposition of one-boson exchange amplitude with a form

factor. In principte, having replaced the integral

numerically by discretized weighted power series while

solving the Lippmann -Schrvinge¡ equation, a phase shift can

be obtained. However, extensive analysis gives good

agreernent with experimental data [18]. Also, the force

constants can be chosen quite differently 1291. In terms of

the vector Dominance Model (vp¡¡) [ 30 ] , based on the

hypothes i s of vi rtual photons interact ion with hadrons

through an int,ermediate neutral vector meson' one obtains

the constants as

r.f,nn /+r= 2 .43 , gi /4r=2 .56 .

In experimental

annihilation in

constants are

similarly in

annihilation

measurement s

the range of

+ rÍ- production

p-energy, thethe

2
f ¡rn /4o= 2 .84 ,

the o-energy range,

gives

o2 /4r= 1 8.4"w'

9', /4r=2.26 (3.13a)

the o-production by e

(3.13b)

+ e
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In our computation, the meson coupling constants

egu. ( 3.1 3b) and from the experimental" data,

f rom

o'/4o=
"Q,

2.4 (3.14)

are used.

unrike the class IV forces, the class rII forces do not

give isospin mixing. Then, because of parity conservation,
there is no spin mixing. Àn example of this is the ro-n
mixing (see Appendix B). The scattering matrix is calcurated
with the heLp of the DWBA. similarly to the class IV force,
the scattering angular momentum coupling parameter can be

computed from the known eJ -T matrix elements relaLions by

Goldberger and Watson t191.
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There are two

pseudovector, i

types of pi on-nuc leon coupl i ngs . One i s

e

t ] (3.1s)H=
Pv

E
l^

and the other is Pseudoscalar,

HP, = -sip I r. 7 5'f iÞ, (3.16)
L:l

Since the spin of no is zero, and experiment shows no is

pseudoscalar, ro-N interaction' requi' res parity conservation

so that we only need consider pseudoscalar nNN. coupling. In

the nonrelativistic Iimit, the totat interacLion HamilLonian

can be written as 126l

LI
l¡

fTNN
Ho +Hl +Hz (3.17)

where

Ho= fr;.v".Ë
H,=-o fid.v+,

Q---r J J J J

Hz=-U fr ".(p'*p) 
(rxÖ) s

(3.18)

(3.19)

( 3.20 )

6
h^* ñP

(3.21)
ffl" * fip

It is
gives

clear that Ho

the CS part,

1s

and

the unperturbed

and H2 are

Hami lton ian which

both CI and CSHt



violating. Because H1 is

34

not proportional to either
we will not discuss it here,

the class iV force. À direct
H2 to the Feynman diagram

scattering amplitude in the

r¡('l )-rt(2) or

only the term H2

application of

Jl(r(1) K r(2))c,

(ri9.5) gives

center of mass

gives rise to

the Hamiltonian

the invariant

f rame as

IV
T

Ír =, U(
9r

2M

ì. -t
=-----:q.'+ mi

v2 (q) JJJJJJ(r ttrz ) ri ( o tXoz)' (prxP2) (3.22)

By using egu. ( 3.5) , the class IV potential par!' i.s

IV

# *ri,xi, ) , (;,x o', ) t I #(* *-"')V
E

(3.23)

where the pion-nucleon form factor V'(q) in equ. (3.22) has

been set to unity. In our computation, the coupling constant
z,g,/4 r=1 4 . 5 wi 1Ì be used.



CHÀPTER IV. COMPUTÀTION ,RESULTS ÀND DISCUSSION

L.:-. c TÀTI ON

To calculate the distorted wave function, w€ need a modeL

for the (charge-symmetric ) strong interaction in Lhe

two-body system. In the l' ,hort-range part of the

nucfeon-nucreon interaction, because of heavier system and

subhadronic structure effects, boson-exchange models have

no validity for the potential in the range of rsO.B fm,

therefore the short range ( r -> 0 ) can onry be given
phenomenologicarly. Here the paris potential [31,32] is
used.

From ordinary guantum mechanics, the radiar schrödinger
equat ion i s

t *# -**'+ vtv)] K,,,,('): E^,,.,x*.,,,(r)

where r¡ is the

depends on spin

(4.1)

reduced mass of neutron-proton system, and X

and satisfies the boundary condition
K,L, S

X (r=0) 0

3s

(4.2)
k.L,S



fhe Parls

tr iPlet ,

couPl i ng 
'

potential consists of various terms,

orbital-spin coupling, tensor,

and is of the form l32l

36

i.e. singlet,
quadratic LS

V
J
r

J
p 2 vo(r,p2)oo +vr (r,p2)o1 *vus (r)ou

*v., (r)O, *Vsoz (r)Oroa (4.3)

where

rlo:*tr-d,.d.l -+1 S=0

_cr _f
4

-JJ(3+or.ur) ---+ 1 S=1

,-r=i'S
-1 S=1

S=0
lL

0 ( 4 .4')

n 3

JJ
ûr 'Y

J
ct¡. f .J .J,

I:
S=1

S=0
- %'c.T YZ

li,J J-¡ J J Jl J

0ro.:å ( q i e.L + o','tt' L )
1-L(r,+1 )

-L(L+1 )

S=1

S=0

and their corresponding

[33]. Each v(r,p2) has

quantum numbers

the form

(r) *$uotrl +vb

are list,ed for J=L

V(r,p2) =Vû
pz

{r) n.
(4.s)

with

P'=- t" I
I da lxlY_ - |

rdrl' ylJ (¿.6)

he re
J
L 15

which

angular momentum operator, and m

is taken as 938.2592 Mev for I=1,

is the nucleon

and 938.9055mass



Mev for I =0. For each V( r ) , a set of parameters I

are introduced phenomenologically, i 'e '
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and m.
-t

¡: l1 -¡^if
v(Yl:I gjF(-jt) e (4.7)

I =l
YN r

whe re

F (ì,^jr) : 1

F(*¡ t) =+
{¡r vï.vo"vl.vi

1

{-ot V,-,+ (mir )''

3 ì
,\îr {o. V-F(tjr) = 1+ ,** +

F(Ynjrl
4 r331

L 1 + .j' *tryy j to. Vro,
(*jv )' (4.8)

gì , *ì are Provided in

computed by making use of

[ 32 ]

the

and some missing g-factors are

formulae '

n-

T
J-

l

9; for V a dV b

9 YN n o, I o\n orl\ ln

9 h-\

ïYl n-r 
_

¡n,ì-,- tnì
. .,-5t 4, l-t q.(rn-'): ''.-I.-f¿)' " Ft *j' F rrr; t

- n-¿ o. n--L q .

(*i-' E* - r;l
J=l ') ):l )

IN ) fo' {, ,V,
9n:

lL'Ì'Yl^'- l'nn-,

s n- 3 q
Ji

¡^. t
J

- 
h^-. 

I
(ì^^i- m.,'-.) ( ìn :,- n Ì-, ) t

1 ì- I9.-r - fln-,ñ',
.): I

+(m,l-,+m:)Ï'-þ-i *l fr, V,o,
):l J )=t J (4.e)



and two other

permutat ion of

where m *2u O=Oo for I=0 and =Qr for I=1.

3B

be deduced by circular

(4.10)

, ât rS0.1 fm and rl1 0

of the potent iaI Are

of the Equ.(4.10) by

À(4)), we calculated

as

relations
r1-2, ñ-1,

which can

and n.

Substituting Equ. (4.3-6) into Equ. (4. 1 ), the Schrödinger

equation with the Paris pobential can be written as

(t+zvto) d'X.. i- f + Vorr * V.sfLr-s * V,o,
dr'

m;*
¡- 'l-
h

r Vso,a,,.l X.. +[t t+ zv',.) L# - #ï*.
dvb dX..-2 a
dr år

For angular momentum greater than 0

fm, the asymPtot ic behaviours

studied. Solving the asymptotic form

povrer series expansion (see Àppendix

the initial wave function at r50.1 fm

1+ 2 r.( ¿+f )
X"<rt

(4.11)

I t is well known lhat the strong interaction is a short

range interaction while the electromagnetic force is rather

ì.ong range force, so the numerical integration is carried

out to inf ini ty. However , foi large Y , the strong

interaction is essentially zeto, so we use the asymptotic

nave f,unction which oscillates as a sine funtion for t>17

fm, i.e.



r-l
I

Tr,
XL o< Sin(nt-ãL+ôr,.t )

where k is determined by the c.m. energy E and

different for S=0 and S=1. Here r=17 fm is assumed t,o

effective range after which the scattering potential

significant. contribution, therefore the out-going

function becomes a plane wave.
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(4.12)

ôrt, has

be the

has no

wave

The wave function is normalized with lhe help of the

experimental phase shi f t, [ 18 ] ,.' f or angular momentum smaller

and equal to 6, and by theoret,ical formula t34l when L is

greater than 6. It is important to choose the effective

range properly such that the nomalization reference wave

function (equ. (4.1 2) ) avoids a zero value at the effective

range for all the angular momentum states.

4.2. RESULTS ÀND DTSCUSSIONS

The results of ,, for di f ferent ef fects, di f ferent

energies, and various angular momenta are sho*n in tables 2

to 9. Àt the highest c.m. energies the phase shifts have

an imaginarlr part whi.ch is neglected in this work. It is not

known at which energy Lhis neglect begins to become

significant. (Form factor is considered only in the

electromagnet ic ef fect. )
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TÀBLE 2

Mixing parameter 1 when CM energy=10 Mev

TABLE 3

Mixing parameter a when CM energy=50 Mev

orbilal angular
momentum L=J EM effect

mixing parameter 7,
po-tt mixing MasS dif fer.

0.4871x10-2

0.3831x10-2

0.2528x10-2

0.2139x10-2

0.1534x10-2

0.1595x10-2

2

3

4

5

6

0.'1820x10-3

0.2268x10-a

0.2026x10-6

b.+a96xto-8

0.6887x10-ro

0.1245x1 0-1 I

-0.2020x10-2

-0.7051x10-3

-0,1252x10-3

-0.2976x10-a

-q.6992x10-s

-0.1708x10-5

1

orbi taI angular
momentum L=J EM effect

mixing parameter 7t
po-a mixing Masb differ.

0.7722x10- 2

0.9550x10-2

0.5585x10-2

0.4621x10- 2

0.3544x1 0- 2

0.3061x'10-2

'1

2

3

4

5

6

0.1543x10-2

0.9233x1 0- 3

0.3474x1 0- a

0.4184x10-5

0,2400x10-6

0.2020x10-7

-0.6981x10-2

-0.6865x10-2

-0.2003x10-2

-0.1020x10-2

-0.4482x10-3

-0.2234x10-3
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TÀBLE 4

Mixing parameter 11 when CM energy=150 Mev

TÀBLE 5

I Mixing parameter T, when CM energy=250 Mev

orbital angular
momentum L=J EM effect

mixing parameter !
po-ts mixing Mass differ.

0.8262x10-2

0.1291x10-1

0.9111x10-2

0.8093x10-2

0.6247x1A-2

0. 54 23x10- 2

2

3

4

5

6

0.4716x10-2

0.4977x10-2

0.6531x10-3

0.2017x'10-3

O .27 56x 1 0 - a

0.5837x10-s

-0.1122x10-1

-0.1521x.10-1

-0.6686x10-2

-0.4676x10-2

-0..2556x 10 - 2

-0.1679x10-'2

1

orbi taI angular
momentum L=J EM effect

mixing parameter "t-
po-a mixing Mas's differ.

0.7637x10-2

0. 1 '166x 10 - 1

0.1120x10-1

0.1005x10-t

0.8027x10-2

0.7022x10-2

1

2

3

4

5

6

0.6658x10-2

0.7182x10-2

0.1798x10-2

0.8333x10-3

0.169?x10-3

0.5118x'10-a

-0.1250x10-1

-0.1639x10-'

-0.9566x10-2

-0.7835x10-2

-0.4697xl0-2

-0.3344x1 0 - 2
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TABLE 6

Mixing parameter ! when CM energy=300 Mev

TABLE 7

Mixing parameter îr when CM energy=350 Mev

orbi taI angular
momentum L=J EM effect

mixing parameter f.'
po-,¡ mixing MasS differ.

0.7248x10-2

0..1 112x10-1

0.1030x10-1

0.1078x10-1

0.8593x10-2

0.7704x10-2

1

2

3

4

5

6

0.7252x10-2

0.7894x10-2

0.241 0x1 0- 2

t.lZ94x10-2

0.2976x10-3

0.1024x10-3

-0.1268x10-1

-0.1657x10-1

-0.1049x10-1

-0.9235x'l 0 - 2

-0.5617x10-2

-0.4177x10-2

orbi LaI angular
momentum L=J EM effect

mixing parameter -yt
po-a mixing uaså differ.

0.6982x10-2

0.1043x10-1

0.1063x10-r

0.1134x10-1

0.9113x10-2

0.8165x10-2

1 0.7798x10-2

0.8263x10-2

o.3io1x1o-2

0.18't'1x10-2

0.4654x10-3

0.1745x10-3

-0.1291x10-r

-0.1627x'10-1

-0.1157x10-1

-0.1 047x1 0- 1

-0.6492x10-2

-0.4893x10-2

2

3

4

5

6



43

TABLE 8

Mixing parameter ! when CM energy=400 Mev

TÀBLE 9

Mixing paramet,er 7, when CM energy=500 Mev

From tables 2 to 9, we can see that 7, is
small quantity, which means that CSB is a weak

essent,ially a

violation. EM

orbital angular
momentum L=J EM effect

mixing parameter 7*
po-a mixing Masb differ.

0.6454x10-2

0.9080x10-2

0.1055x10-1

0.1168x10-1

0.9588x10-2

0.86 12x10- 2

1

2

3

:
5

6

0.7899x10-2

0.7866x10-2

0.3682x10-2

9.2343x1 0- 2

0.6717x10-3

0.2710x10-3

-0.1252x10-1

-0.1 473x1 0-1

-A .121 6x'l 0 - 1

-0.1148x'10-1

-0..7337x10-2

-0.5605x10-2

orbital angular
momentum L=J EM effect

mlxrng parameter
po-t¡ mixing Ma

1,
ss differ.

0.6022x10-2

0.9404x10-2

0.1099x10-1

0.1200x1 0 - 1

0.1044x10-r

0.9745x1 0- 2

0.8513x10-2

0.9347x10-2

0.5043x10-2

0.3397x10-2

0.1188x10-2

0.5546x10-3

-0.1266x10-1

-0.1625x10-1

-0.1388x10-1

-0.1302x10-1

-0.8950x10-2

-0.7189x10-2

1

2

3

4

5

6
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and MD give Iarger isospin mixing than po-t¿ does. ÀIso EM,

po-a have the same sign of mixing but MD has the opposite

sign, which is due to the sign of the class IV forces. When

the c.m. enerqy is larger than (about) 100 Mev' MD gives a

Iarger CSB contribution than EM does. Our calculation shows

that t has a quite interesting J-dependence. Àccording to
J

traditional ideas, the magnitude of the scattering

quantities would have a monotonic decreasing trend as the

angular momentum. increaseS. Flo".t,.', f rom our results' for

the c.m. energy below 350 Mev, 7-r has a maximum' value al 1z '

which means that the Strongest isospin mixing occurs in

D-states. For the EM effect, as the energy increases' the

maximum point shi f ts to G-states but bhe magni¡ude of 'tT

decreases again. The physical reason needs to be further

studied. perhaps it is due to ttre weak behaviour of the

tensor force on P,F-states, or caused by the dominant L, L'

coupling of the Paris potential on D (and G) angular

momentum states. As the c.m. energy reaches about 300 Mev,

csB has a mosL significant maximum value. This suggests that

the Lab energy around 600 Mev would be a good experimental

ene rgy .

To compare with the result given bY

approximation 112), we tested r, only for EM at c

100 Mev. The results and the differences are

table 1 0.

the Born

m. energy

I i sted in
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TÀBLE 1 O

Mixing parameter from BÀ and DWBA at c.rì.8=100 Mev

J=L I (eu with BÀ) r, (nu with DwBA) A7, h,

1

2

3

4

5

6

0.2024x10- 1

0.1169x10-1

0.8265x10-2

0.6402x10-2

0. 5227xl0- 2

0.4417x10- 2

0.8354x10-2

0.1230x10-r

0.7640x10-2

0.6565x10-2

O.SIO¿x10-2

0.4396x10-2

58.7e"

5.2e"

7 .6e"

.) Êo-
L. J'o

2.4e"

'0.s%

The extrerne differences at J=1 indicate that the

distorLed wave has a Iarge influence on P-states, it implies

that the DWBA provides more information about orbital

angular momentum coupling affecting the isospin coupling

than the BA does, hence the DWBA is a better approximation

for the n-p scattering procedure. On tÞg other hand,

replacing Lhe spin dependent radial wave functions Rrro and Rrr,

by the spherical Bessel function jL , our 11 goes back

exactly to the expression for 7, given by the BÀ [35].



CHAPTER V. SUMMÀRY AND CONCLUSI ON

l.te have examined the CSB in the neutron-proton scatter ing

caused by the ClasS IV type of forces. À formula for the

isospin mixing parameter l, is derived in a nel¡ way with the

distorted v¡ave Born approximation. The results show that 7T

is a smal-1 quantity of the oraèr of 1.6x10-2 f or the Largest

MD ef f ect. EM and MD give larger csB than po-,'t.' does, and MD

has a stronger CSB than EM when the c.m.energy is greater

than 100 Mev. For c.m.energy above 50 Mev, the results give

a quite untraditional angular momentum dependence. CSB does

not occur on S-siates and has a maximum distribution about

D-states. For the EM effect, tire higher the energy, the

larger the "anomaIy" i s. Because of the tenSor force,

D,G-states have the stronger isospin mixing, a resuft which

cannot be obt.ained by the simple Born -' approximation.

Àccording to our calculation, around c.m.energy 300 Mev,

(r,ab 600 Mev), the largest breaking of charge symmetry

occurs.
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APPENpTX À. pETAILEp CÀLCULÀTION € lsr

À.1 THE CÀLCULÀTION OF THE CSB AMPLiTUDE F8

Since the total scattering matrix is

the CSB ampl i tude can be calculated

coordinate f rame, i.e. ':

^ñ̂ =i( -sinÓ , coso, o )

given

in

by

the

equ. (2.9) ,

spher ical

I =1(sinl cos{,
2

\ \. Bm =m(-cos7 cosór

sinI sino, 
"or--9-)

-cos $ rinO, tln$ I

then immediately one can calculate the CSB amplitude fB as

JJTr Ir(ot-oz). n

Tr

ifu
8i

{ i f B [ (;, -d, I .ï I 'I
rr12(ã,.ñ)zl

fb (A1 .1 )

since it is quite easy to see that other terms vanish except

1-JJf.=ùrrlT(o,-oz).nl (À1.2)

Now to evaluate the matrix element,

<s' v' I (;, -ãr )'ñ | ,rt

(o*1-c*2)-e1 -Lò
=--a5t pt le

2L

47

rö (o-,-o-z)lsv> (41.3)
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Directly, we get the elements as in table 11.

TABLE 11,. Matrix element ^JJJ<s'v'l(o,-ãz).nlsrt

v s='1 s=0

v 1 0 -1 0

'l

st='l 0

-1

s'=0 0

0

0

0

-Jãiexp(ip)

0

0

0

0

0 þiu*p(-io)
0 0

:0
-Jãi.*p(-io)

Jãiexp( iø)

0

Note that all the CS terms have been calculated [19] before.
By combining alr the csB terms with the cs matrix erements,

one gets the matrix form of equ. (2.9) as

ñr11

rot

m
^- 1l

ñr sl

Tro

Too

T- r o

Tao

Tr-r

To-r

T-r-r

Ts-r

rls

Tos

r -ts

Tss (À1.4)

where

Trr=T-r-r=a.*ð "0 "0sIn'Z *..o.'Z

Tro=-T-ro=Þl- f

fr ôsin 0. 
#esing

Tr - r=T- r r =-A+cos'$[*.sin29¿2

To r=-To- r=- Þt-å rine*9 singJz lz

Too= a+þ+ôcos0-ecOSg (À1.5)
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Tts =-Ts-1=fBP i.*p(-io)

T-rs =-Ts, =ruÞiexp( ió)

To, =Tro =0 Tss =d,-p-ô-e

r') THE DETAILED CÀLCULÀTION OF CSB T-MÀTRI X ELEMENT.T".

- 

-J 
I

T:t
^^JJ<k',00lrltr,tt>

=-:, .i', Ì' o ol Vtl f, rt-t"ri.,¡l r:1, :Lt t'L
,Â.^

= f, v1'(i' )vl"(il.t'0,ffi'011'0;JM><11,m1 lr1;¡¡¡trt-, l-
,i., 

-L'r" '-L l'o,11 lf =L'--L
M-ttr

Ì¡

L'

I

k
,nl'-_TY

I r'l
Mn'l rn

')Y I t['l.r' o,m'o I

JJJsr-sz).tl ).'1;JM>

.<I1 ; JM | 1l , m1 >T¡o,¡¡ 
| l"r,_r.

*'! **a J { J
= | y:,'(k' )y, (k)<L'0,m'01 (sr-sz)'LAr,rl11,ml>

ft'L L I

f
T('o,(1 (A2.1)

a(r+t) J =¡r =L

where use has been made of (see Àppendix A(3))

1 JJJ(ãt -1, )' I | ¡1 ; J¡.t>= l.ro ; JM> ( A2 .2)
T(T+1)

a nd Lr,,

states
Ì1

with
l;l;.:l¡t<J1;JMl is a projection operator for

J=L. Then, in the specific angular momentum

representat ton,

T
5

t(

= r ))ao"ao,
fl'!Fv\ Y'ì ¡

;1 -r). *
YL,(k')Yr, (q)uoo

r r ¡ ,n*-l -:, I(s r -s z ) . lnr,ry, (k )yL (Q)u 
' 'Tt,o.rrlr:1,:L 

(42.3 )
1ffi
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where d3k=pÉ ded0n making use of two identities,

6t
-f's!tLlT¿I

[:o n:-(

tr1

L

k 'l"l , \
kô:,1

f,K
( (À2.4 )

L
1

tn:-L L
q

rnf I
(n )- 2L+1

4n
35

P., (q. K) (À2.s)Y Yr

the equ. ( A'2.3 ) becomes

T E(uoo, *#(ã, -Ë, )ìïnrr.,r r )p, (?,i)rr1,r,
r J T(f +l)

)a+lJr-'T
E 

=#+!--(uoo, 
(Ë'-Ë, l'ïnr,rur r )P, (cosg)lo,;r

¡ 4¡rJT(¡+l)

sl

(A2.6)

I J
k ) is defined as before. To express Ârt

we writ,e it as

where cosg=cos ( k' .

in terms of t ä.ì I ,

Ar,riu"*b" (;.ì) +c¡ ( Ë.Ë I t (À2.7)

Writing the

seperating it
matrix element in the operator form, and

into three terms,

Tst
r(uoo, (Ë.,-Ër).î[a,+b, (;'i)+c¡(Ë'Èl 2]u,, )er(coso)
T

f 2T+1 1

Jm +ï Tro,t,

=f +II +III (À2.8)

whe re

2r+ f

4frJr(rr1)first term= (uoo,
:,Ë., -Ë, I'ïu, Pt (cosg) u rt)tlo,r,

(À2.e)
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second Eerm= (uoo, E(Ë,-Ër)
f

J.Jiur{ã.t)er(cosg)u' r )

1

J r(r+l
2T+1

--I
4n

l
TorTt

(A2.10)

¿
S

J ic, (ã.Ë12P, (cosg)ur r )thi rd term= ( uu o , Ì 5 2

1 z7+1 f
TOITl

(A2.11)
+Ît

T
J(r+1)

Now let us see term i first,

J,J
l= (uoo, I(;,-ãrl.iX

j **loi,Jare, (cos9) u,, l

T
r | 2T+1
ro,rl Jf(T+1) 4rr

JJ {:
¡a- [ -:O¡rL

'Í 2T+1
=(uoo,(sl-sz)urr) Prr (c_os0) lTro'rr 4n1¡¡¡¡5

( A2 . 12')

here use has been made

P, is only a function

Legendre funct ion ,

of the egu. (2.47) with the fact that

and of the ProPertY of theof e,

mdp = sin0 
-:--*P, 

(coso)-t (dcþso)^ L
(A2.13)

Making use of the identity, which is easily verified,

{Ë'-är)u,,,
J (A2.14)=uo oe¡.,

where the unit vectot' v

J
.^^
| ,r , -r=E(ex +r 

"ye * I

e 0
-l
e

1

is defined as

(A2.1s)
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I
J
e

1

fr

^^JJ

€+ru0o)'0I
J

and

the

€- r

J J

êr¡ I €y I

-J

are

-Ì
x

J
e ordinary Cartesian coordinates' Therefore

becomes

z

equ. ( A2.12)

I=(uoo, a Pr(cos0)TIT
T

To,f 1 4Tr

2T+1

J r(f +1)

L

=(e* r'0

Thus, we have the first term I

)¡ u, Pl (cos g l Tl".', ¡} ffi
J

r =frexn( io) 
îur 

tl (cose)r r I 2l+1
¡o,rr {.Tt JlIl+l)

(À2.16)

(A2.17)

(A2.18)

(A2.19)

1a
where é*,.0 =-È'exp( ió) has been used'

For the second term I I , we otly need calculate the part
J J J J J.(;'-ãr). L(; i)er(coso)ur r, i.e.

( Ë, -;, )-(1'*xton,, r ä'Ë*xlv4) e, u r r

= (é , -Ë, ) (i1*lv4l; t -li P,1 ) u,,

J
=(k,xv. PlttJ

^JJJJ

)'( s'-sz)2(s'd

=(k*xvçPJ

)ut t

J uto

here use has been made of the identity

JJ
2(s.Q )u, t ifã exp( io) Uto

therefore, one has

t3,-Ë, l.itã.'r)rr,,, ' = ifã"xp(io); åel(cos0)uooåo
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(A2.20)

Ĵ

since €o is perpendicular to
J

0 Hence the second term gives

no contribution to Tsl.

For the third term, recalL that

and

JJJJ
( o r. r, ) ( o 2'L )u r ì = ( o 2' L ) ( o r ' L )u r r

(A2.22)

IJJ(;t -ã z)' L( s' L) 2et(coso)u r r

jJJJI)JJ

= (í, -Ë r).1(zlz*2(; 1--L) (; z. il ) e, (cosg ) u r r
(A2.23)

here the f irst part zËttd,-Ër)nt(cos9)ur r 1S

J 5t
x 0.+fL ,#,-*å,",(c-ose)u,,2 ( s r -s z ) ( k+

=-2uoo (å.,' â,t #P, (cosg)

= Frooexp( io)SP, (cose) (A2.24)

rhe second part 2(Ë,-dr)'ï(;,'î) (;r'iltr(cos0)u, r IS

,JJ)-JJ1

2(ã' -sz ).L( o r. L) (2szl
t

ô
* ããt'

(cos0)ur 
' 

)

) -l
Q

a3

à0ì 
rrJJ

=-2(sr-sz)
J

ó
J J (cos0)ur 

r(2sr.ô )(2sz
L

2
J
s

, 11
ã, )+o exp ( izo) òl

Ul-r---i
à0r

P, (cos0 ) (À2.2s)
L

SINCE

and

JJ2(sz-e )u,, iexp(iø) lll> (^2.26)
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t.

I

I

I

I

¡

I

JJ

)(s2.0
J-¡

-4(s¡'4 )urr=exp(izç )u'-t (A2.271

thus the second part becomes

lJ-iJJJJ

2 (ãt -s z)' r"( ã r' r,) ( o z'L)Pr (cosO)u r r

t15a3= ,tuo oã- , '7 "*p 
(2tQ ) 

tn.l 
tt ( coso )

=-Jãrooexp(ió)
¿l

è01'r
(cos0) ( A2 .28)

where use has been made

the thi rd term also

equ. ( A2.28 ) each other.

gets equ. ( 2. 50 ) .

^^a-r-+lor €- r. e=-=r.exp(-i0). obviousÌy,
J2

vanishes, €gu,(A2.24) cancels

Substituting alL three terms, one

A. 3 . PROOF' OF THE I DENTI TY (A2.2)

The wigner 3-j symbol t 36 I is here used in angular

momentum coupling.

,J(6'-sz).ll;1,.tv>

-ç
H ñi 

',,

<J'l , mz l.:t',t>uo oËr.I
I

lz
J
€- I .l(¡+1)-m1¡+1)Y T/m+l

I

Jz

J
e

J
+ .T ( J+ 1 ) -m (m- 1 ) Yr,r,.,-r+mYr,-eo ] (A3. 1 )

To calculate these terms seperately, the f irst term of

equ.(r:.1) is

<Jl,mrlJMtuoo 1

{1
e ,:(;+.1 )-m(m+1)YT v'€- I t, ln+l

E -<J.l ,m1 IJM>uoo
t"t

Mrnl,/

J (;+ 1 ) <J1,¡¡t-1 | Jm>Y1^.r (A3.2)
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-t

t.
I

I

I
I
I

I

!

I

I
I
t

where use has been made of an identi:y

-JJ

"g'"-q.

I (A3.3), (-1) ô
I ,1'

with Q,Çl'=1,0,-1. Making use of some identities,

(:
Jz J: ì, - lr-r,

=(-1)
I

¡(2j3+1) <j rm,, jzmr I j t j z, jg-m3>

' 
lvìzhl

i, j. ll j,+ j.+ ìr

i

j, i. j,
-Ift¡ -lft¿ -ñj

: (-1)
mr nr Ïnl

f (2jr+t) J, J. l )

)(

J¿ j,
I th4 m't,r t,rtí

)¡m ¡ IfÌ ¡ }l1r YYt ¡ mí m a tfi 3

/j'
,'l^lt

J 1
j

3

)(

j j. ií
=(2i.+1) -t6jí, j, ôrí,r,ô( j, j z j. )

(À3.4)
¡ hrhl F1r hx ìtt3

r+here ô(jtjzjs)=1 if the three j

condition and is zero otherwise.

easily calculated as

's satisfy the triangular

Then the equ. (À3.2) can be

The first term= J(J+1) l¡o;¡¡lt (À3.s)

Similarly, the second term of the equ.(43.1) rS

T
Mh¡,

<J1,m,rlJu>uo"Ë.t-!l- v' {T'
ê I ( L+1 ) -m1¡¡+ 1 ) yr,--l=- J(J+1)uooYf,¡.r

(À3.6)
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and the third term has the same value as the first term'

therefore, the sum of the three terms gives the equation

l l J.(st-sz)'LlJ1,JM>= J(J+1 ) lJ0;JM> (À3.7)

À.g. BEHÀVIOURS OF THE ÀSYMPTOTIC WAVE FUNCTION ÀT R=0.1 FM

Àt rs0.1 fm, the central force has the dominant effect

while using the Paris potentiaL model. The Schrödinger

equation (4.10) can be writtän in an asymptotic form for

c.m. energy smaller than the order of 1 Gev

d'x,^, -r Il$r¿x, +zSo{!l+!!!x, (À4.1)

drl-1+zvbgt dr1 L - dr-- df )' Yz L

in terms of the Paris parametrisation [ 32 ] ,

b r2 ^- nir
:I9' * 

(
j"t ' h¡f i ),,o,= -(* * t) v'(t=o.1)

irqjl-+-+l*,*(**t) *

dv -1-^rdr Y=o.1

d'v b (A4.2)

drz Y: o.l
f=o.l

where ñ is a certain mean-vaLue which makes the eguations

va1 id. Then the equ. ( e+ . I ) becomes

*ff 1+ vnr)'+ 1l

dtXr" 
=

dYx

To solve thi s di f ferent iaI equat ion,

expansion has been used, i.e. Let Xo(rP

into equ. (e¿. g ) and remember ing that

unique variable, guite easi ly one has a

(¡+.¡)

the Power ser I'es

. Subst i tut ing thi s

r must be a real,

relaf,ion for 9,
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(À4,4)

due to

function

the restr ict ion

at the origin,

of the convergence

only root accepted

of the wave

the physically is

P=1+ 2I(l+1) (À4.s)

hence, the asymptotic wave function for r50'1 is

t+-f2tTr-r-õ (À4.6)X
L
o(r



ÀPPENDIX B DETÀI LED CÀLCULATION OF CLASS I I i
FORCE OF .ÍT"- 11 MIXING EFFECT

UnIike po-u mixing, ro-n mixing is expected to be smaller

and has not been observed by direct experimental

measurement. The matrix element <7,'o lH"^ltlt can be inf erred

from the welL-measured mass splitting of the SU(3) octet of

pseudoscalar mesons [¡z ] . Fig 6. shows the tro-q mixing,

P, P¿

q It o

H,.

P,
P,

trig 6. Tf"-4 mixing effect of CSB
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The interaction HamiltonÍan

int,eraction is

through the

59

pi on-nuc leon

Hr = i9q *qrs* (e.l)

I^¡ith tt¡e Sorh approximation and in the non-relat'ivist'ic

Iimit, the class III part of the potential is

V --9'3n <il He.-[rro) (r(t)+T3(1]
frtt 4nm z Ynì +M'tt

dT W Irî (n
l-r+T0 J ìtr

(t) . o (2) vrr't (r) l
(s.z)

where *rrrl and von are of the form

T vrtgl = w,T- e 
-h¡r - ïnï e 

-mrr

,wrrl(Y): r,^i(t * 
^: 

+ ;þ) u-*"'

-nì(1nñ.Cfo)e-'rr (s.3)

and Ë, is

class I I I

defined as equ. (3.9). Because q-Ío mixing is a

force, it satisfies the isospin equation

<I =0 lrs(1)+re(2)lI =1> =Q (g.¿)

hence it has no contribution to n-p scattering, but only to

n-n or p-p interactions.
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The fact that a class

mixing imPties that AI=0,

parity, angular momentum

transition matrix elements

where the vi,-ur=1,0r-1 are the

isospin. Hence

caIcuJ-at ing one

one can evaLuate

matrix element, say' Trt.

60

IIi force does not give i'sosPin

consider ing the conservat ion of

etc. , As=O, the onIY Possible

are

(s.s)<IS'L'lrlrsr.> <ISL'lrltsr,>

where I=S=0,1 for odd L,L' and I*S;I,S=0''l

Obviously, the I '=1 =0 v' =v =Q case has no

CSB since one can easily verify that

<I=o lrs ( 1 )+r¡ ( 2 ) lt=o>=o

and the contribution of I=1 is

<I=1 ,vi 1",,(l)+r3(2) lf =1,vt> 6r;,rr'Yt

for even LrL'.

contribution to

(s.e)

(e.z)

components of the couPled

the mixing Parameter bY

In the distorted wave Born

scattering wave function is

nrr121+1)* =.I* å.
't rr(kr) l-rs;JM> <1s;JMl1s,0r> (B.B)

approxition [25], the initial

chosen ProPerlY such that

function is

t5(rLs) (r) | Is;JM> <ls;JMl losz>

(8.9)

where

m=0.

the

The

iÞ,
L

inc ident

distorted

di rect ion i s

initial wave

4r(2I+1 ) i e R
E

-t_t
J TT rru

L

fLs

and the f i na I state r' s
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¡ _¡[1rrS)
4rí e (r)Y *

( k
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' ) | Is;Jt"1> <l-s;JMl Imsvt

(8.10)
+- R tts Lrnf

It is quite easy to see that if S=0' the singlet state

not have angular momentum mixing' hence no CSB occurs'

for the S=1 case'

does

and

ôT =- .o; lvr I r.,. ' (8.11)
çL 2rr

J-+ n 4oi(
M¡^

i [ (r u'sl

ôT { e R
+t 2Tr

.<1',1;JMlIm ,1v>l f (r)<l =1 ,'i=l l[¡s (1)*t3(2) ] lI=1',ur=1>

'Jå:,

L

i ì t (rrs) (r) | 11 ;JM><r1 ;JMl tt,o,'lt2 dr

(8.12)
nn 12¡+ 1 ) e R

TL5
M

where f (r) is lhe class III potentiaf i'e

vr= f(r)[r3(1)+rs(2)] (8.13)

with

$n 3n 1

{rr 4l.4'

<nl H.- Tto )
{', (Y) in¡ - mi

,r{J

ls.,w'*(Y) t 5 cr(1)
rl
d(2) V"ntrt ¡

(8.14)

and *r,\ ,trn ,i are def ined as before ' I t is easy to work out

t 3B lsome matrlx elements and coe f f ic ients as

2 (r-l)

I

1t =|=J-1

23<
I

t''1 ;JMIS T Itl;¡¡'t'

2r+ 1

l t =f=J
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2 (l+2)
1,=I=J+1

2f+1

<J+r, r;JM¡s', l.:-1,1;JM> = 255rtl/t2f+1) (8.15.a)

and

<r'1 ;JM|ã',.î,l 11 ;JM> =t"'1 ,0v |¡¡¡t'I1 ,0z IJM>ô..'.

(B.1s.b)

for a1t v'=Y. To calcuLate the two

(8. 'l 2 ) , wigner 3- j symbols are: used and

c-G

the

coefficients
result is

tn

E <1'1;JMl I'm,1 /><11;JMl 11,0v>
Mrvt

L'+ L
( zr+ 1)

1TL,
y' -M rn )(J ::)L (-1)

14 tn (8.16.a)

as the spin components Y'=v=1

<1, 1 ;JMl 1' m1 1 ><11 ;JMl rt ot t=# ô^o ô,,,,

obtains the CSB matrix ôTr r as

'.Mm

(8.16.b)

finally one

ôTr r= 8c ,,fr't ¡
T

t+lae
T

ri6r.r.,,, P, *,
(cosO)

f,-t eìår,r-,,,
et

Í ri t1,1, ¡
P (cos0)+a P (cosg)l (8.17)* uT e T f-r

whe re

Ttl r 2dr 2T+1

J 2ft3
R 2

f ,t+t,t
(,)r-H{,).¡fuyl'rr (B.1B.a)

âl

J r2dr p2
T7l

a T
( r) [ 2w'n( r ) +]v,,,.( r ) J (8.18.b)
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f-l

Ir'utffiR2r,r-r,r(r)t-
z (r-t)
2'r+1 1{r).aL-,;;,rra t

(a.1B.c)

whe re ,o.l .n vrq are def ined as bef ore and

- 9''9n 1 (q I Hemln')
\- 4:ñ 4¡1¿ hn'- mì

(8.19)

On the other hand, similar

can be expressed in terms of

for y'=y=1 ,

to equ. (2 .34-40 ) , the

, the mixing Parameter

T-matrrx

.j [19]

<k"11lrlX,tt, -t
= 

sT'PÉt

L+l
[(¡+2)a.

L L-t
+(r,-1)at. lP.. (8.20)+(2r,+1)a

L

where .l are the functions of erwith L=Jt1,J and have

calculated in t191. From the equ'(s'lz) and (B'20)'

class I I I force mixing parameter €, can be calculated

pr inc iple.

been

the

in
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APPENDT X c PROGRÀMME LIS NG

SBPAR JOB 
" 

r,T='1MrL=3rI=10rC=0"GErCLè.SS=1
EXEC WÀTFIV, REGION=5 1 2K
YSIN DD *
B WATFIV GE,NOEXT

PROGRAM CSB FOR SPIN MIXING PARAMETER
DIMENSiON XRLl ( 1000),XRr,2 ( 1 000 )

DTMENSTON GoA0 (12) ,G0À1 (12) ,G1À0 (12) ,G141 (12) ,G080 (12) ,
*coBl(12) ,c1s0 (i2),G181 (12),GLSo (12"),GLSi (12) ,GT0(12),GT1
*cso20 ( 12 ) ,cso21(12),er.u( 12 ) :

EXTERNÀL FEM,FPW,FMD

(12) ,

cPw(10),GMD(10)
,cPw2(10),cMD2(10)
,cPw1 (10),c¡,fol(10)
2(10)
PW, CMD
, E, N , C , LM, DLXR, RE, LR

coMMoN /¡sv/ HcL,RE'1,R83, REF,REI
coMMoN /zp/ zPP, s, xBR'1 , xER2
coMMoN /pxss/ DLMI
DTMENSTON W (32), Zpp (32)

WHOLE INTEGRAT]ON IS DIVIDED INTO 3 REGIONS. N == THE NUMBER

OF SUB_REGION IN THE MIDDLE REGION. MM == ANGULAR MOMENTUM.
REF == THE UP BOUND OF ONE REGION AND REI == THE LOW BOUND.
W == THE WEIGHT AND ZPP == THE ZERO POINTS OF LEGENDRE
FUNCTION USED IN GAUSSIAN INTERGRATION
LL == ODD MOMENTUM ONLY, L == ISOSPIN ÀND SPIN LOOP INDEX.
S == TOTÀL SPIN. I == TOTAL ISOSPIN. E == CENTER OF MÀSS

ENERGY. LM == MAXIMUM ORBiTÀL MOMENTUM. C == HBÀR SQUÀRE

OVER 2M, M == NUCLEON MÀSS. HC == LOW LIMIT. ER == EFFEC-
TTVE RÀNGE. GEM IS THE ISOSPIN MIXING PARAMETER DEFINDED
BY 'STÀPP' OR 'BÀRI PHÀSE SHIFT PÀRÀMETRISÀTION GAMMÀ-BÀR
FOR El,f EFFECT; GPw IS THÀT FOR RHO-OMECA MIXING;
GMD IS FOR MASS DIFFERENCE; FEM, FPI^¡, FMD ÀRE F FUNCTIONS
FROM POTENTIAL 4. XER1,XER2 == XRL ÀT POINT ER.

READ ( 5, *) E,LM,CBM,CPW,CMD
WRITB (6,10) E, CEM, CPW,CMD,LM
FORMÀT( 1 0x,' E=', I 4, 5x,' CEM=', FB . 5, 5x,' CPw=', FB . 5, 5x,' CMD=', FB. 5,

*5xrtçY=' ,Í2)
DLM1 =4.321
CALL LI VERM ( B, N 1 ,D2)
r F ( or,¡ll . EQ. 1 ,234) GO TO 1 5

HERE 1.234 ,4.321 ÀRE ONLY THE PASS SYMBOLS.
DO 152 I=1,6
WRITE (6,*) 'D1=',D1(I ),'D2-' ,D2(I ),'MM=',I

INTEGER S, E
DIMENSION GBM(10),
DIMENSION GEM2(10)
DIMENSION GEMl(10)
DIMENSION D1(10),D
co¡,fl.,foN /rcr/ cEM, c
coMMoN /pm/ Hc, ER

c
(.

l.
l.
c
I

c
c
c
c
c
c
c
c
c

c

64
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152
15

CONTI NUE
READ (5,*) N,ER,HC,HCL
wRITE (6,*) N,ER,Hc,HcL
rF (N.EQ.0) N=.12
rF (trR.8Q.0 ) ER=1 7.0
rF (HCr..EQ.0) Hcr,=0.000001

c

c
L

6B

DO 68
REÀD (

REÀD (

RBAD (

READ (

WRI TB
WRI TE
I^TRI TE
f^IRI TE

,12
c0A0 ( i

GOBO (

GLSO (

GSO2 O

) co¡o (

) coso (

) cr,so (

) csozo

GOAl (I
, G08',l (

,GLS1 (

),cso2
,G0À'l (

,G081 (

,GLS1 (

),cso2

GlAO(I
,G180(
,cr0(I
I ) , ¡r,¡,t
,G1À0(
,G.180(
,cro(r

G1A1(I )

,c18.1 (I )

GT1 (I )

)

,c1À1(I)
,G181 ( I )

GT1 ( I )

I=1
5r*)
5r*)
5r*)
5,*)
(6, *
(6,*
(6,*
(6,*

),
I)
),
(i
I)
I)
),

),
I)
I)
1(
I)
I)
I)
1(

),
I)
I)
(l
I)
I)
I)
(l

t-

I),ÀLM(I)
CONTI NUE
DO 72 I=1,16
REÀD (5,*) ZPP(I),W(l)
wRITE (6,*) ZPP(I),W(l)
CONTI NUE
DO 723 I=1,16
zPP (15+I ) =-zPP (.1 7-I )

w(16+I)=w(17-I)
wRITE ( 6, * ) zPP( 16+I ) ,14( 16+I )

CONTi NUE
CALCULATiON OF XRJ IS DIVIDED INTO N DIVISIONS IN THE MIDDLE

REGTON WHERE GÀUSSIAN METHOD (32 POINTS) TS USED. ÀLL
THESE FUNCTION VÀLUES ARE SUMMED OVER MESH POiNTS FROM THE

'STORAGE' ARRAY XRL1,XRL2
RE iS THE MIDDLE REGION LENGTH. RE1,RE3 ARE THE LENGTH OF THE

ASYMPTOTIC REGIONS. TRÀPS IS À STÀNDARD TOUTINE WHICH MÀKES

ANY 'UNDERFLOW' VÀLUES TO ZERO.
cÀLL TRÀPS ( 0,0, 1 000,0,0 )

RE=(ER-HC)/N
REl=(uc-:g.cr,)/2
C=41 .4:l
DO 50 LL=1 ,LM,2
CHANGE LL FROM 1 TO 6 (ONE BY ONE), TO GET ALL THE f^¡.F.
NORMALTZED EXÀCTLY ÀT THE MAXIMUM AMPLITUDE POSITIONS'
MM=LL
TEST L=ONE EVEN NUMBER, 2 OR 4 OR

IF (¡¿OOG,r',2) .s0.0) Go rO 57
I =0
S=0
BM=938.9055
C=1 97 .3*"2/su
THE POTENTIÀL FOR SCHRODINGER'S EQUATION IS CÀLLED PARIS
oMO= ( 1 -s 1 s2* 4) /4
OM1 = ( 3+S 1 S2* 4) /4
OMLS=LS
oMT=3* ( S1 R) ( s2R) * q/n**2-4*Si S2
OMSO2= ( 4*S 1 LS 2L+4*S2LS 1L) /2
OMO=1 .0
OMLS0=0

72

(.

723
I

C

c
I
a

c

c
c

C

c
c
c
c
c
c
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66

3

4

OMT0=0
O¡¿SOZO=-MM* 1¡aa+ 1 )

DO 119 J1=1,3
R1=HCL+(¡l-l )*Rn1
xnr,l (J1 ) =R'1** ( 1+SQRT( -O¡'tSOz o*2+ 1 .0 ) )
1<RL2(J1)=XRL1(J1)
CONTI NUE
Do 85 tR=1,N
REI =RE* (T,N- I ) +HC

REF=REI +RE
CALL XRJ(VOÀ,VOB,ÀLM,GOAO,GOBO,GLSO,GTO,

*csozo,oMo,oMLso,óuro,o¡'rsoz0, DxRL'MM' XRL1, XRL2 )

CONTI NUE
rF (Ûr,ul .80.1 .234) GO TO 45
IF (¡n,f-0) 44,4+,45
CALL PHSH(D1 ,ì'fl"f ) ;,

I=1
S=1
BM=9 38 .2592
c= 1 97 . 3* *2/su
ÀLM( 1 ) =ALM( 1 ) -0. 01 551
OM1 =1 .0
OMLSl=-1.0
OMT1 =2.0
OMSO21=1-MM*1¡aq+1)
DO BB LR=1,N
REI =RE* (fn-l ) +HC

REF=REI +RE
CALL XRJ(V1À,V1 B,Àr,M,G'141,G1 B1,GLS1,GT1,

*GSO21,OM1,OMíSI,ó¡¿tI,O¡¿SOZ1,DXRL,MM,XRL1,XRL2 )

CONTi NUE
rF (ol¡al .8Q.1 ,234) GO rO 83
IF (¡O,f-e) 84,84,83
cÀLL PHSH ( D2 ,l'&{ )

CÀLL ÀSSM(IO,T, XRT,1 , XRL2 , D1 , D2 , W )

rF (rr,.cp.r,u) Go ro 50
MM=LL+ 1

TEST L=ONE EVEN NUMBER, 2 OR 4 OR

OMO=1 .0
OMLS0=0
OMTO=0
OMSO20=_MM* 1¡aq+1 )

OM'l=1.0
OMLSl =-1 .0
OMT 1 =2 .0
OMSO2 1 = 1 -MM* 1 ¡a,,f+ 1 )

I=1
S=0
BM=9 38 .2592
C='197 .3**2/SU
OMSO2 0 = -tfl,l* 1 ¡aq+ 1 )

REAL=MM*¡'¡q+MM
DO 117.1'l=1,3
R1=HCL+(¡l-1)*RE'l
xRLl (.:l )=n1** ('l+SQRT(Rn¡l*Z+1 .0 ))

7
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92

67
66

B7

NRL2(J1 )=XRL1 (J1 )

CONTI NUE
DO 92 LR='l , N

REI=RE*(r,n-l )+uc
REF=REI +RE

CALL XRJ (VOA,VOB,ALM,G1AO,G1 BO,GLS-I,GT1,
*GSO21,OMO,OMLSO,OMTO,OMSO2O, DXRL, MM,XRL1, XRL2 )

CONTI NUE
rF (Ol,¡¿1 .8Q.1.234 ) CO tO 67
IF (¡O¿-e) 66,66,67
CALL PHSH(nl,¡n¿)
I =0
S=1
BM=938.9055
c=1 97.3**2/su
ALM( 1 )=ALM( I )+0.01 551 06
OMSO21=1-MM*(¡O,t+1)
DO 87 LR=1,N
REI =RE* (LR-1 ) +HC
REF=REI +RE
CÀLL XRJ(V1A,V1 B,ALM,GOA'I,GOB1,GLSO,GTO,

*GSO20,OM1 ,OMLSl ,OMT1 ,OMSO21 ,DXRL,MM,XRL1 ,XRL2 )

CONTI NUE
rF (nr,¡¡l .8Q.1 .234) GO TO B9
IF (¡n¡-0) 81,81,89
CALL PHSH ( O2 ,læt )

CÀLL ÀSSM(¡I"T, XRT,1,XRL2,D1,D2,W)
CONTI NUE
STOP
END

suBRourINE ÀssM(¡o'l,xnl1,xRL2,D'1,D2,W)

61

(1000),XRr,2(1000)
(12) ,c0À1 (12) ,G1À0 (12) ,G',lÀ1 (12) ,G080 (12) ,G081(1
12 ) ,GLSO (12) ,GLS1 (12) ,GTo ( 12 ) ,GT1(+2 ) ,CSO20 ( 12 )

12)

B9
B1

50

I

DiMENSION XRLl
DIMENSION GOÀO

*c1Bo (12) ,G181(*GSO21(12) ,¡r,¡,r(

2

I

EXTERNAL FEM,FPW,FMD
INTEGER S, E
DI MENS I ON GEM ( 1 O ) , GPW ( 1 O ) , GMD ( 1 O )

DIMENSiON GEM2( 1O),GPW2( 1O),GMD2( 1 O)
DIMENSION GEM1 ( 1O ) ,GPW'I ( 1O ) ,GMD1 ( 1O )

DIMENSION GEM3 ( 1 O ),GPW3( 1 O),GMD3 ( 1 O )

DIMENSION D1 ( 1O),D2( 1O)
coMMoN /scr/ cEM,cPw,cMD
COI'O,fON /PEN/ HC, ER, E, N, C, LM, DLXR, RE, LR
cot"fMoN /nsu/ HCL, RE1 , RE3, REF, REI
coMMoN /zp/ zPP, S , XERl , XER2
DIMENSION W( 32 ) ,ZPP(32)
CALL NORM(Xnl1, xRL2,D1,D2,MM)
CALL ÀSYMPI (Cnu'l ,FEM,MM,XRL',I ,XRL2)
CÀLL ÀSYMP1 (GPW1, FPW,MM,XRLl, XRL2 )

CÀLL ÀSYMP 1 (GMD 1 , FMD , MM, XRL-I , XRL2 )

CALL GÀUSSI (GEM2, FEM,XRL'1,XRL2,W,MM, ZPP)
cÀLL GAUSSI (GPW2, FPt^i,XRL1,XRL2,W,MM,ZPP)
CALL GAUSSI (GMD2,FMD,XRL1,XRL2,W,MM,ZPP)'



44

66

55

67

6B

CALL GAS (GEM3, FEI'I,I"J,MM,XRL1,XRL2'D1'D? ì
ð;;t cas (cPw3, FPw,I^¡,MM,xRL1,xRL2,D1'D? I

ð¡r,; ces(cMD3, FMD,vì,MM,xRL1,xRL2,D1,D2 )

ñ'nirs (6,44) cel¡1 (MM) ,Gpwl (¡m) ,G¡'tol (¡n¡) ,w
iôñl,rÁt ( i Ox , ' GEM 1 = ' , E 1 3 . 6 , 5X , ' GPI^¡ 1 = ' , E 1 3 . 6 , 5X , ' GMD 1 = ' , E 1 3 . 6 ,

* 5X,'G IN REGION l iL=' ,I2)
r^rRr rE ( 6 , 5 å ) CS¡42 ( ¡m ) , GPW2 (¡O¡ ) , GMD2 ( ¡n¡ ) , ¡4l'l

fôñ¡l¡f ( i OX,' GEM2=', Ei g . g, 5X,' GPW2=', E1 3 . 6, 5X,' GMD2=', E1 3 . 6,
* 5X,'G IN RtrGION 2;L=' ,I2)
wRrrE (6,66) Ce¡¿: (U¡/I) ,GPW3 (¡A"r) ,GMD3 (¡n¡) ,ptt
rôñl¿Ár( i ox,' GEM3=', Ei : . g, 5x,' GPw3=', E1 3 . 6, 5X,' GMD3=', E1 3' 6,

* $X, 'G IN REGION 3; L=' ,I2)
REAL=MM* 1¡aq+ 1 )

GAI&íA-BAR=-SQRT (¡4]'l(¡ru* 1 ) ) * ( 1 6*PI *M*K ) *TNTECRATION

õB¡¿tro,f )=(cs¡,f îi'¡û'.f llcn¡¿Z (¡a¡)*cn¡¿3 (¡'û,f ) ) *sQnr(Rnel*E/9i* \-239. 1 )

cpw(¡tt"f)=(Cpwli¡ô,fi.cPw2(¡4h,1)+Cpw3(¡ol))*SQnr(nael"a/C).*(-239.1)
C¡lo(¡.o4)= (C¡lol im.rl*ð¡¿o2 (¡,ß'f )*C¡lo3 (¡4I"f) )*sQRr(Rs¡,r.*E/C)* (-239 ' 1 )

wRrrE (6,6't ) Cnl¡(¡n¿) ,GPW(MM) ,GMD(lO{ ) ,¡¿¡¡
FORMÀT( 10x,'GEM=',E1 3. 6, 5x,'GPw=',81 3. 6, 5x,'GMD=',

*8.1 3 . 6, 5X,' lf$,l= 

" 
12)

THESE G' S ARE GA}E,fA_BÀR PARAMETERS
RETURN
END

SUBROUTINE FOR ASYMPTOTIC FORM IN REGION ONE

SUBROUTI NE ASYMP 1 ( GL , FLL , MM , XRL 1 , XRL2 )

I

coMMoN /pe,n/ n
coMMoN /nsu/ u
DIMENSION GFU(
DIMENSION XRLl
EXTERNÀL FLL
DO 111 J1=1,3

E, N, C, LM, DLXR, RE, LR
1 , RE3, REF, REI
(10)

C, ER,
CL,
3),
(3)

RE
G-I-l

111

,xRL2(3)

R1 =HCL+ (¡l -l ) *Rnl
GFU( J'1 ) =FLL ( nl ) *XRr,1 (J1 ) *XRL2 (J1 )

CONTI NUE
cL(MM) = ( (cFu( I ) +c¡'u (3) ) /2+GFU( 2 ) ) *nnl
RETURN
END

SUBROUTINE FOR RÀDIUS wAVE FUNCTION (XRI=RADI.*R)
SUBROUTiNE XRJ (VA,VB, AM,GA,GB,GLS,GT,

*GSO2 , OM, OMLS , OMT, OMSO2 , DXRL, MM, XRL'1 , XRL2 )

COMMON /ENN/ HC,ER,E,N,C,LM,DLXR,RE,LR
coì,tì,foN /xsv/ HCL,RE1,RE3,REF,REI
cot'o,IoN /zp/ zPP,S,XER1,XER2
INTEGER S, E
DIMENSION ÀM( 12),GA (12),GB( 12),GLS( 12),GT( 1 2),GSO2(12)
DIMENSION XRLl ( lOOO),XRI,2( 1 OOO ),ZPP(32)
GG =RE I
REÀL=MM*¡'S4+MM
DO 200 L=1 ,32
c= ( Rer'-REr ) /2* zPP( r- ) + ( REF+RE r ) /2
IF (CC.Ne.uc) GO TO 91

XRL=HC** (.1 +gQRT(Rn¡f,*2+1 .0 ) )

DXRL= ( 1 +SQRT (RS¡r,* 2 + 1 . 0 ) ) *Xnr,/Hc

a

c



91

c

69

CALL RUNGE ( G , GG , XRL , DXRL , VÀ , VB , AM , GA , GB , GLS , GT , GSO2 , OM, OMLS ,
*OMT, OMSO2 , MM )

M IS MESH POINTS' POSITION
M=L+32*(LR-l )+3
rF (s.sQ.l ) co ro 121
xRL-1 (M) =XRL
co ro 122
XRL2 (M) =XRT,
GG=G
rF (rn.Hs.N)
rF (r.N8.32)
TO CALCULÀTE
G=ER
CALL RUNGE (G,GG,XRL,DXRL,VA,VB, ÀM,GÀ,GB,GLS,GT,GSO2,OM,OMLS,

*oMT , OMSO2 , MM )

rF (s.ne. I ) co ro 77
XER1 =XRL :

DLXR=DXRT/XNT
co ro 200
XER2 =XRL
DLXR=DXRT/XNT
CONTI NUE
RETURN
END

ROUNGE_KUTTÀ METHOD
SUBROUTI NE RUNGE ( G , CG , XRL , DXRL , VA , VB , AM, GA , GB , GLS , GT , GSO2 ,

*oM, oMLS , OMT , OMSO2 , MM )

COMMON /PXN/ HC , ER.,.E, N, C , LM, DLXR, RE, LR
coMMoN /nsu/ HCL,RE1,RE3,REF,RET
DTMENSION AM( 12),cÀ (12),cB( 12),cLS (12),GT( 1 2),GSOZ(12)
DTMENSTON XRLl (1000 ) ,XRl,2(1000 ) . Zpp(32)
rF (N.Cr.e) co ro 13
IR=10
GO TO 14
IR=2
ST=(c-cc)/tn
DO 210 I=1, IR
R=(I-1)*ST+cc
CALL V ( R , VÀ , VB , VLS , VT , VSO2 , DVB , DDVB , GA , GB , GLS , GT , GSO2 , AM )

ÀK1 =ST*Q(R,XRL, DXRL,VÀ,VB,VLS,VT,VSO2,DVB, DDVB,
*OM, OMLS , OMT , OMSO2 , MM )

R=R+ST/2
CALL V ( R , VA , VB , VLS , VT , VSO2 , DVB , DDVB , GA , GB , GLS , GT , GSO2 , ÀM )

ÀK2=ST*Q ( R, XRI.+S"T*DXRL/z+ST/B*AK1 ,DXRL+AK1 /2 ,
*VÀ, VB, VLS, VT, VSO2, DVB, DDVB, OM, OMLS, OMT, OMSO2,¡4I'{)

¡T<3=ST*Q ( R, XNL+ST*DXRL/2+ST*AK2,/8, OXNT,* AK2/2 ,
*VA, VB, VLS , VT, VSO2 , DVB , DDVB , OM, OMLS , OMT, OMSO2 , MM )

R=R+ST/2
CÀLL V ( R , VÀ , VB , VLS , VT , VSO2 , DVB , DDVB , GÀ , GB , GLS , GT , GSO2 , ÀM )

ÀK4 =ST*Q ( R, XNL+ST*DXRL+À K3* ST / 2, DXRL +AK 3,
*vÀ,vB,vls,vT,vso2, DVB, DDVB TOM, oMLS,OMT,OMSO2, MM)

XRL=XRL+ST* ( DXRL+ ( EX 1 +¡62 +AK3) /6)
DXRL=DXRr,+ ( ¡tt 1 + 2 *AK2+ 2*ÀK3 + AK4 ) /6
CONTI NUE

77

200

121
122

13

14

GO TO
GO TO
XRL A

200
200

T ER POINT
c

c
c

2lo



RETURN
BND

10

c suBRourINE v(R,ve
DTMENSTON ¡¡l( 12 ) ,

cÀLL TRÀPS ( 0, 0, 1 0

VA=0
VB=0
VLS=0
VT=0
VSO2 = 0

DVB=0
DDVB=0
DO 700 J=1 ,12
we=ce (; ) *nxp ( -eu(¡ ) *n ) / ( xu( ¡ ) *n)
wB=GB ( J ) *sxp ( -¡¡'t(.: ) *n ) / ( xu( ¡ ) *n)
wLs=GLS i¡ l;iiti-ÀMiJ );h i /ttu(¡ )*n) * (1i(AM(J ¡*p)+ 1/(

*AM(J)*R)**2)
wT=Gr ( ¡ ) .nip ( -¡¡¿ ( ¡ ) *R ) / ( ¡u( ¡ ) *n ) * ( 1 + Z / ( xu( ¡ ) *R ) + :/'( eu (

*J)*R)**2)
wso2=GSO2 ( ¡ ) *nXp (-¡¡l ( ¡ ) *n ) / (tu(J ) *R ) **4

** (ÀM(¡ ) *n+ 3*3 / (AM( J ) *n) )

DVB 1=-GB (¡ )*n'xp ( -eu(,; )*n ) /n" (1+1/ ( R*e¡¿(¡ ) ) )

DDVBl =GB i; i.;i; i -;Mi¡ I.n )'/a* 1¡rq(¡ ) +2/a+2/ (xu(,: ) *n*n) )

VA=VÀ+WÀ
VB=VB +WB
VLS=VLS+WLS
VT=VT+WT
vSo2=vso2+wso2
DVB=DVB+DVB 1

DDVB=DDVB+DDVB 1

7OO CONTINUE
RETURN
END

SCHRODINGER'S EQUATION BECOMES XDD= (2q/nn**,2/(1 +l*vgrtgy¡ *
( -e +Vl S * OML S +VTf O¡,'T*VSO 2 * OMSO 2 +VA *OM-H s* * 2 /y* vBDD * OM ) + L *

ir,.l j 7a*;zl *xnl-2*vBD*xRLD*oM/ ( 1+2*vg*o¡.t)
¡'UNCTîON Q(R,XRLI,DXRLI,VA,VB,VLS,VT,VSO2,DVB,DDVB'

*oM, oMLS , OMT, OMSO2 , L )

COMMON /PXN/ HC,ER,E,N,C,LM,DLXR,RE,LR
INTEGER E

e= ( ( -E+vLS *oMLS +vT*OMT+VSO 2 *OMSO2 + ( v¡*O¡'t )

*fç* iOOvn*OM) ) /C/( 1 +2*VB*OM) +L* 1¡+1 ) /n** 2 ) *XRLI -2*DVB*
*DXRLI *OM/ ( 'l +/*\/B*OM)

RETURN
END

,VB,
GÀ(1
00,0

VLS , VT, VSO2 , DVB , DDVB , GA, GB, GLS , GT, GSO2 , AM )

z i,cn (iz),cLS(.l 2),GT (12l,GSo2( 1 2 )

,0)

c
c
c

c
c

c
c

SUBROUTINE FOR PHÀSE SHIFT DJLS
SUBROUTI NE PHSH ( OT.,I )

COMMON /P¡N/ HC¡ER,E,N,C,LM,DLXR,RE,LR
COMMON /¡SV/ HCL,RB1,RE3,REF,REI
ói¡¿nNsl'oN BJ( 12),sN (12),DJ( 1 1 ),p¡( 1 1 )

BJ,BN,DJ,DA ARE SPHERERICÀL BESSEL AND

ÀND THEIR DERIVATIVES
NEUMAN FUNCTIONS
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c

DIMENSION DL(10)
iNTEGER E

R=ER
n= ( nnn-Rsl )

YK=SQRT (T,/C
Y=R*YK
BJ(1)
sN(1)
s¡(2)
s¡¡(2)
DO 10 M=1,L
S,J(¡,f+2)=(2*y+1)
BN(M+2¡=12*y+'t )

2* o . 997 2638+ ( Rsr'+REL ) /2
)

=SIN ßl /v
=-CoS ß) /v
= (srN ß) /v-cosft) I /v
=- (cos (v ) /v+sIN ( Y ) ) /v

/v
/v

*BJ(M+1 )-BJ(M)
*BN(M+l )-sN(M)10

20

41

o¡(1)=-BJ(2)
oe(.1 )=-BN(2)
DO 20 M='l , L
DJ (M+'t ) = (u*BJ (M) - (¡'r+ 1 )
DÀ (M+1 ) = (¡,1*BN (M¡ - 1y+ 1 )
yJ=R*U¡1¡+1 )
yN=R*t¡1¡+1 )
yDJ=BJ 1¡+ 1 ) +y*DJ 1¡+1 )
yDN=BN1¡+1 ) +y*DÀ 1¡+1 )

TANDL= ( yO¡-Or,XR*yJ )r/(Vn¡¡-OLXR*YN )

DL(L)=ÀTAN(teNor,)
r^lRITE (6,+l) Or,(r,),r,
FORMÀT ( 1 0X,' DL="F.1 3.8, 5X,'l-O4= 

"12)RETURN
END

suBRouTI NE NORM ( Xnr,l , XRL2 tD1 ,D2 ,L)
COMMON /PXN/ HC,ER,E,N,C,LM,DLXR,RE,LR
COI"û4ON /ZP/ ZPP, S, XERl , XER2
coMMoN /xsv/ HCL,RE1,RE3,REF,REI
INTEGER S, E
BJ,BN ÀRE SPHERICÀL BESSEL AND NEUMÀN FUNCTION VÀ1,UES ÀT ER
DIMENSION XRLl ( 1 000),XRr,2( 1 000),Zpp(32)
DIMENSION BJ(1 1 ),BN(-1 1 ),Dl (10),D2(10)
BJ ÀND BN ÀRE SPHERICAL BESSEL ÀND NEUMÀN FUNCTIONS
YK=SQRT (n/C)
YK IS A FREE WÀVE NUMBER
R=ER
Y=R*YK
BJ(1)=srN(v)/
sN(1)=-CoS(Y)
BJ(2)=(srN(v)
BN(2)= -(cos(
L1=L-1
rF (r,l.nQ.o) Go ro 100
DO 10 M=1,L.1
BJ (M+ 2) = (2*M+ 1 I /y*BJ (M+ 1 ) -BJ (M)
BN ( M+ 2') = (2*M+ 1 ) /y* BN ( M+ 1 ) -BN ( M )
yJ=R*BJ1¡+1 )
yN=R*BN1¡+1 )
yF1 =COS (Ol (r,) ) *v¡-SiN(D1 (L) ) *yN
yF2=cos (oZ (1,) )*v.t-sIN(oz(t ) )*yN

*
*

(¡.r+Z)l/(Z*y+l)
(¡,r+2 ) I /(Z*y+1 )

BJ
BN

c

c

a

Y

/v
/u-cos(v) ) /v
u) /u+srN(Y)),/Y

10
100
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t4=32*N+3
FN'l=YFt/xnlt (u)
FN2=YFZ/XatZ(U)
FN IS THE FÀCTOR OF NORMALIZATION
Do 139 I=1,M
XRLl (I )=XRL1 (I )*FN1
xRL2(I )=xRr,2(l )*nNz
CONTI NUE
RETURN
END

FUNCTION FEM(R)
coMMoN /vc't/ cEM,cPw,cMD
REÀL KP
GO TO 37
PM=938.9/197 .33 '
KP='1 . 7 9

Q=SQRT(18.2)
F1=1/Q/Q
F2=j /(e*e_+*pM*pM)
F1D=-F1**2
F2D=-F2**2*KP
FlDD=2*F1**3
F2DD=2*F2**3*KP
FlDDD=-6*F1 **4
F2DDD=-6*F2**4*KP
F2=F2*KP
H1=F1+F.2
H1D=F1D+F2D
HlDD=F1DD+F2DD
HlDDD=F1DDD+F2DDD
H2= ( .l +e*R) *gxp ( -e*n)
H2D= _R*R/Z*EXp ( _e*n )

H2DD=R* * 3/4*EXp ( -e*R ),/e
H2DDD=- R/Z/A)**3*H2
FEM=CEM* ( -0. 021 oB4 e) /n**3* ( 1 +Q**8/6* (UIOOO*H2+3*¡11DD*H2D

*+3*H'l D*H2DD+H1 *H2DDD') -f'2OOO* ( 1 +2*PM*R) *nXp ( -2*pU*n) )

FEM=CEM* ( -0.0 2108461 /n**3
RETURN
END

c7

c

FUNCTION FPW(R)
coMMoN /tcr/ cEM,CPW,CMD
co=cPW*3.6907 /1000* (-1 )

UP=3.903287
UW=3.966025
FpW= ( (Up+ t r/n ) *nxe ( -Up*R ) - (Uw + 1 /R) *

*EXp ( -UW*R ) ) /R* * 2*CPW* ( -0 . 00 3 6907 )

RETURN
END

FUNCTION FMD(R)
coMMoN /tcr/ cEM,CPW,CMD
REAL MU



c CO=CMD* 1 .527
MU=1 37.26475

,/ 100000
97.32858

73

c
c

FMD= ( 1 +¡¡U*n ) *nxp ( -MU*R ) /s.** 3*cMD* 1 .527 5/100000
RETURN
END

USING GÀUSSIÀN METHOD FOR THE INTEGRATION (T.ON N REGION)

SUBROUTINE GÀUSSI (GL'FLL'XRL1 
'XRL2 'W,MM, 

ZPP)
EXTERNAL FLL
cot'lt"toN /p¡n/ HC, ER, E, N, C 

' 
LM, DLXR, RE 

' 
LR, 

.

oi¡anNslbN w'( g2)',zpp(3Ð ,xRL1 ( 1 000 ) , xRL2 ( 1000 )

DIMENSION GL(LM)
coMMoN /pcr/ cEM,cPw,cMD
cL (MM) =0.0
DO 143 LR=l,N
REI=RE* (ln-l ) +HC
REF=REI +RE
GFU=0.0
DO 136 L=1 ,32
ã= tnnr-ñüi /z*zpp ( L ) + ( Rnr'+REI ) /2
M=L+32* (LR-1 ) +3
GLL=FLL(R) *Xnr,l (¡,t) *xnrz (¡/f)
rF (r,n.Ne.N) GO TO 999
iF (rr,¡,(n).Nn.FEM(R) ) Go ro 999
GFU=GFU+GLL*W ( L )

CONTINUE
GL (MM) =GL (¡ru) +GFU*RE/2
CONTI NUE.
RETURN
END

GÀUSSIÀN INTEGRATION FOR THE ASYMPTOTIC REGION 3

suBRourrNE GÀS (Gl,rr-l,w'MM,XRL.1,XRL2,D1,D2)
coMMoN /vxn/ HC,ER,E,N,C,LMf DLXR'RE'LR- .

oi¡anNsrbN w'( 32)',zPþ(32),xRL1 ( 1 000),xRr,2 ( 1 000)
coMMoN /zp/ zPP,S,XER1,XER2
DTMENSI'ON b1 ( 1 0 l,O2(1 0 ),GL(LM)
INTEGER E
YK=SQRT (N/C)
M--32*N+3
cL(MM)=0.0
ÀNG 1 =YK*ER- 1 . 57 07 963 *Ì"Înl+D 1 ( l'û'{ )

À=xRL1 (U)r/StN(ÀNG1)
ÀNG2=YK*ER-1 .5707 963*lû"f+D2 (¡ff.,f )

B=xRL2 (u) /stN ( ÀNG2 )

DO 300 L3=1 ,32
R=ER+5* ( 1 +ZPP( I 3l ) /(1 -zPP( t ¡ ) )
HERE GÀUSSIÀN POINTS ÀRE DISTRIBUTED ÀS

ÀNG 3=yK*R- 1 . 57 07 9 53 *¡"¡q+D 1 ( ¡'&{)
xRLl (r3)=À*SrN(ÀNG3)
ÀNc4 =yK*R- 1 . 57 0796 3*¡4q+O2 (t*ff )
XRL2(I3)=B*SIN(ÀNG4)
GL3=FLL (n) *Xnr,1 ( I 3 ) *Xn¡,2 ( I ¡ )

cFg=-cr,g*w( I 3 ) *'l 0*zPP(MMl / ( I -zPP(l*o'r) ) **2
GL(MM)=GF3+cr,(¡ol)

c
c

999
136

143

c IEn,En+s ]+ [ER+5, rNF. ]
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300
CONTI NUE
RETURN
END

D1
D1
D2
D2
D2

D2
D2

c tutRourlNe LIVERM(n,o1,D2) -^
^ LTVERMORE PHÀSE SHIFT ËON T'Eg ENERGY 20 TO 1OOO MEV

g "u' i;"ïñ-cENrRE oF MÀss ENERcy wHrcH EQUALS TO HÀLF OF

! L¡s ENERGy (rOn NUCLEON-NUCLEON lNTeReõtlON, MU=M/z)
t õi¡IENSIoN D1(10),D2(10)

INTEGER E

coMMoN /e¡,ss/ oru
R=57.29578
R IS RÀDIAN WHICH EQUÀLS
rF (s.nQ.lo) Go ro 20
rF (n.nQ.so) Go ro 1oo
rF (n.nQ.zs) Go ro 1so
rF (n.n9.1oo) Go ro 2oo
rF (n.nq.150) Go ro 3oo
rF (E.EQ.2oo) Go ro 4oo
rF (8.8Q.250) GO ro s00
rF (n.n9.zls\ Go ro 550
rF (n.n9.300) Go ro 600
iF (n.nQ.325) Go ro 650
rF (n.eo.3so) Go ro 7oo

t B0 /et
L

c

rF (E.EQ.4oo) Go ro Boo
rF (n.n9.s00) Go ro 1000

PRÏNT,'LIVERMORE PHÀSE SHIFT IS NOT USED'

PRI NT, ' pHasn sHI FT- r s cALcuLÀTED'
DLM=1 '234 )urINE PHÀ'E sHrrr LÀTTERÀ SYMBOL FOR CÀLLING THE R(

RETURN

I,IVERMORE PHÀSE SHIFT FOR LÀB ENERGY=2O MEVc
U

20 D1
D'1

D1
D1

(1)=-3.23/R
(2)=0.s6/n
(3)=-0.32/R
(4)=0.02/n
(5)=-0.02/R
( 6 )=o .oo/a.
( 1 )=-4 .49/R
(2) =2 .19/R
(3)=-o.tt/s.
(+)=0.11/R
(5)=-0.01/R
(6)=0.01/a

D2

c
RETURN
LIVERMORE PHASE SHIFT FOR LAB ENERGY=1OO MEV

D1(1)=-12.23/R
D1 ( 2 )=3.83/n
D1 ( 3 )=-2.66/s.
D1(4\=0.44/n
D1 ( 5 )=-0 .47 /R
D1(6)=0.10/n
ózir)=-13.'ez/a

100



15

c
1 000

D2(2
D2(3
D2(4
D2(5
D2(6
RETU
LI VE

)=15.78/R
)=- 1 . Bs/R
\ =2.3a/n
) =-0. 3q/n
't=0.a6/a
RN
RMORE PHÀSE SHIFT FOR LÀB ENERGY=1OOO MEV

D1
D1
D1
D1
D1
D1
D2
D2
D2
D2
D2
D2

(1)=
(2) =
(3)=
(4)=
(5)=
(6)=
( I )=
(2) =
(3)=
(+)=
(5)=
(6)=

-37.19/R
-q.tz/n
-4.28/R
s.ss/n
-11 .23/R
z.0B/n
-5e.85/R
B . qs/n
-15.96/R
6.e4/R
0.03ln
7 .87 /R

c
300

RETURN
LIVERMORE PHASE SHIFT FOR LÀB ENERGY=3OO MEV

o1 (1)=
o.1 (2)=
o1(3)=
o1 (4)=
o1 (5)=
o1 (6)=
o2(1)=
o2(2) =
o2(3)=
o2(4)=
o2(5)=
n2(6)=

-31 .05/R
9 .65/n
-5.0+/a
1.60/R
-1 .20/R
0.53/a
-28.72/Rn . oz/a
-3 .31 /R
t .zo/n
-1 .35/R
2.47 /R

c
150

RETURN
LIVERMORE PHASE SHIFT FOR LAB ENERGY=1 50 MEV

D1 (1)=-18.s+/n
D1 (2) =5 .65/n
D1(3)=-3.60/R
D1(4)=0.72/n
D1(s)=-0"et/n
D1(6)=0.20/R
D2 (1) =- 1 B .22/R
D2(2)=19.ts/a
D2(3)=-2.60/R
D2(4)=3.87/n
D2(5)=-0"62/n
D2(6) =0 .94/n

c
400

RETUR}I
LIVERMORE PHÀSE SHIFT FOR LAB ENERGY=4OO MBV

D1 (1
D1 (2
D1 (3
D1 (4
D1 (s
D1 (6

)=-35 .oo/a
) =9 .65/n
) =-5 .0+/n
) =2.20/n
) =-1 . B6/P.
) =O .7 6/n
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D2(1)
D2(2)
D2(3)
D2(4)
D2(s)
Ð2(6)

=-34.05/a
=22 .1 6/R
=-2.99/R
=8. 58rlR
=-1 .72/R
=3 .43/R

RETURN
LMRMORE PHÀSE SHIFT FOR LAB ENERGY=200 MEV

D1 (1\=-23.93/R
D1 (2) =7 .22/a
D1(3)=-4.26/R
D1 ( 4 ) =1 .01/n
D1 (5)=-0.82/R
D1 ( 6 'l =O .31/a
D2(1)=-22.10/R
D2 (2) =21 .85/n
D2(3)=-3.05/R
D2(4)=5.ß/a
D2(5)=-0.89/R
D2(6)=1.aï/a

iiiHiil"-t pHÀsE sHIFr FoR LAB ENERGy=S'' MEV

D1(1)=-37.10/R
D1 (2) =12.98/R
D1 (3)=-5.+6/a
D1 (4\=2.81/n
D1 (5)=-2.87/R
D1 (6)=0.99/n
D2(1)=-39.16/R
D2(2) =20 .36/n
D2(3)=-2.17/R
D2(4) =9.22/n
D2(5)=-1.g9/a
D2(6) =+.32/n
RETURN
LIVERMORE PHÀSE SHIFT FOR LAB ENERGY=SSO MEV

c
200

c
500

c
550 D1 (1)

D1 (2)
D1 (3)
D1(4)
D1 (s)
D1 (6)
D2(1)
D2(2)
D2(3)
D2 ( 4')
D2(s)
D2(6)

=-37 ,
=12 .3
=-5.4
=3.10
=-3.4
=1 .'1 1

=-39.
=19.2

7O/R
g/n
z/n
/n
9/n
/n
t6/n
t/n

--1 . q6/n
=g.3a/R
--2.0s/a
=1.15/R

RETURN
LMRMORE PHÀSE SHIFT FOR LAB ENERGY=600 MEVc

600 D1 (1)=-38.10/R
D1 (2)=10.t1/a
D1 (3)=-5.37/R
D1 (4 l=3.a0/n
D1(5)=-4 .t8/n
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=1 .23
=-45.

/n
ot /n
t/n
t/n
/n
z/n
/n

/n
z/n
/R
6/n
/nat/
o/n
a/n
/n
ø/n
/a

=18.1
=-0.7
=9.36
=-2.1
=1 .32

D1 (6
D2(1
D2(2
D2(3
oz(+
D2(s
D2(6
RETURN
LiVERMORE PHASE SHIFT FOR LÀB ENERGY=650 MEV
D1 ( 1)=-38 .ZZ/n
D1 (2) =B .52/n
D1 (3)=-5.28/n
D1 ( 4 )=3.68/n
D1 ( 5 ) =-4. %/n
ol(6)=1 .3a/n
D2(1\=-47.6A/n
D2(2)=16.9t/n
D2(3)=-0.53/n
D2 ( 4) =9 .2s/a
D2(5\=-2.0a/n
D2(6)=1.a8/n

c
650

RETURN
LIVERMORE PHÀSE SHIFT FOR LAB ENERGY=700 MEV
D1(1)=-38.+t/n
D1 (2) =6 .33 /R
D1 ( 3 ) =-5. 1B/R
D1 (4)4.ea/x
D1 (5)=-5.t+/n
D1 (6)=1 .aí/n
D2(1)=-49.98/n
D2(2) =15 .aa/n
D2(3)=-1.74/R
D2(4)=9.13/a
D2(s)=-1.82/a
D2(6) =5.91/R
RETURN

c
700

LIVERMORE PHÀSE SHIFT FOR LÀB ENERGY=800 MEV
D1 (1)=-38.28/a

c
800

R

D1 (2)
D1 (3)
D1 (4)
D1 (5)
Dl (6)
D2(1)
D2 (2)
D2(3)
D2(4)
D2(s)

=2.48
=-4.9
=4 .47
=-7.4
=1.67
=-E?
=13 .2
-_1 q

=8.60
=- 1 . 'l

D2(6)=6.61
RETURN

ER HÀS TO BE CHOSEN SUCH THAT ÀT THÀT POINT, THE
NORMÀLIZATION REFERENCE WÀVE FUNCTION (STNN FORM)
IS ÀT THE MAXIMUM VÀLUE FOR ALL J=L.

c
c
c
c

.c

I



c
c

FOR PARAMETER
DATA OF G AND

7B

M FOR THE DIFFERENT TERMS OF THE POTENTIÀL PÀRIS

CENTRY
iZ-0, a, o. oo7 299, 6. 6445, 1 4' 5,
j),20.36, o. 1 , o. ooooo l
'ó'.lzzgogt 4s+02 , -0 . !0-7-936258+02 ,

-ö.gsggoo96E-02, o.28660o32E-02,
0.0n+00, 0.0n+00 '0.0n+00, 0.0n+00,

-0.82+656318+02, -0.42973-669n+02,
ó-.zoe143B5E-01, -0.817980468-03,

-O'.0ø17 6421s+02, -O .+260935!B+03 I

-ó . ozesloz0E+00 , -o .52218-6408+00 ,

0,123293848+04, -0.71856844s+03,
-ó. lg2Bo693E+0'1, -0.5331455Qs+00,
O.2B9035BBE+04, 0.26279517s+05,

-0.7629019'lE+02, 0.186445598+03'
-ó.lee59B79E+05, 0,424691208+04,
0. 1 0 3242898+02 , 0. B3 1620308+00,

-O,6259249gs+05, -0.5?557033s+06,
-0.7882759'ls+03, -0.37091 1158+04'

O .172g2683s+06 , -0 . 3 +57 4924s+0 5 ,

-0. 11 52705,98+03, -0.311923959+02 '
0. 69 1461418+06, 0. 600339348+07 '

-0.64904799s+04, 0.55913117s+05,
-0 . 7 6835277s+06 , O .12'71 '1 5!s+06 I

0.69456175E+03, 0.3004't3946+0]'
-0.409691 45s+07 , -0. 3451 94416+08,

0. 54 73437ee+0a, -0. 36998560n+06 '
0 . 2 1 B 9047 5n+07 , -O .27 41 684 1 E+06 '

-0.23879335s+04, -0.124150678+04'
0. 1 40320938+08, 0. 1 1 3554598+09 '

-0.3 294191 2B+05, 0.1 4537543n+07 '
I -ó:ãa++7zBiE+07, 0 -52960724s+06'
I o. q23BB0't1E+04, 0 .247622419+04,
I -ó: 268274688+08, -o -20729209s+09,

O .24g491328+06 , -0 . 3 135247 1s+07 
'

O ,27 9905598+07 , -0.3 66067 1 3E+06 '
-0.245216048+04, -0.130430396+04'
0.2351 14428+08 , 0. 1713'1 54BE+09 '

-0. 160 12956E+05, 0.243390818+07,
0 . 5025 1 82BE+06 , -O .2230367 3E+06,

-0 . 1 9 51282 1 E+04 , -0 .21 496577s+04 ,

-0. 1 4688451 s+08 , -0.8641 8222ø+08 ,

-0.8 673625Qg+06, 0. 1 45897408+07 '
-0.260061248+07, 0'406838338+06'
0.418g1 1$QB+04 ¡ 0.409969178+04,
0.1 22065908+08, 0 '5626961 0n+08,
0.554562898+06, -0.526699798+07,
0. 1 5 528299s+07, -0.1 767881 0n+06 '

-0.225087008+04, -0.229991$Qs+04¡
-0.4 7570340E+07 , -0 ' 1 8348359s+08 '

0. 186145808+06, 0.344978808+07,
-o .gg7 263861 I , 0.00701 861 00,
-0.98561 151 15, 0.0162743947,

_0. 1 0 077 421s+02 ,

0.26851 3938-02,
-0.107636258+02,

0.699536008+00,
_0.1 2049554s+03,

0.510924558-01 '_0.468 1 Bg2ts+00 ,

0.1 60000008+01 ,
_O .212364596+03 ,
_0. B 4264259s+00,

0 . 60 1 477 396+02 ,

0.23000099s+01 ,

-0.87174198n+04,
0.14736312E+02,
0.352569+1E+03,
0.30000099s+01 ,

0.543833778+05,
_0.145219936+03,

0.514321708+03,
0.37000099s+0.1 ,

_O .21 342 1 478+0 6 ,
O . B4 1 5B3g9s+03 ,
0.1 1 6323028+05,
0.440000008+01 '0.494593579+06,

_O.27B6117gg+04,
-A .44595415E+05,

0. 51 0000008+0 1 ,
_0.66j 153348+06,

0.5056451 gs+04,
O .6921 17 3gs+0 5 ,
O.5g0000ggs+01 ,
O.52957S9gs+06,

-0. 3 367 42058+04 ,

-0. 4B 1 276688+05,
0. 650000008+0.1 ,

-0.13703412E+06,
-0.1784552'98+04 '0.7051 40ggs+04,

0.920000698+01 ,

-0.3 4697 1 94n+06 '
0 . 53 S4BZ55E+04 ,

0.30 1 BZS3gs+05,
0.990000008+01 '0.28509970e+06 '

-0.324654808+04,
_O .294428298+05,

0. 1 1 300000n+02,

0
-0

0

. 3359 1 4228+01 ,

.895046448-0 3 ,

.3359141)s,+01 ,

_0. B 64795688+02,
0 . 3748848',l8-01 ,

-0.859458248+00,

-0.46593'1 1'ls+03¡
_0 . B 937 3gg!s+00 ,
_0.104763468+03,

0.1 86730858+04,
0. 1 4 123475s+02,
0.1 2 6294558+04,

.385092138+04,

.1+660'1528+03,

.1gBB1g51B+05,

-0.1 967 4338n+05,
0.841 91 452s+03,
0.1 0 6132468+06,

.123231408+06,

.2839427 3E+04,

.3321 1 91 0E+06,

_0.314493518+06,
0.52653427s+04,
0 . 5558 57 52s+06 ,

.242q2q+0s+06,

.350004308+04,

.349., 55546+06,

0.1 6699494s+06,
_0 .2487947!6+04 ,
_0.1 1 94501 36+06,

_0 . 48 534 354s+06 ,
0.73068121E+04,
O .329529908+06,

0.2767961 gB+06,
_0.4 SS7 4769s+04 ,
_0.1 707991 96+06,

0
-0
-0

0
-0
-0

0

-0
-0
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q647 622556 ,
'ô3+9060759,
'âqG321155'7 ,
'äLg3676137,
'igq4g379s9,
' 7 321821 18'l ,' 6630442669,-^5877157572 

,' 5068999089,'.42135127 61 ,

.9318686022,

.2392873622,

.14447 19616 ,

.0483076657,

0.0253920653,
0.0342738629,
0.0428358980,
0.0509980592,
0.0586840934 ,
0.06s8222227,
0.0723457941 ,
0 .078 1 938958 ,
0 . 08 331 19242 ,
0.087 6520930,
0.091 1 738787 ,
0. 093844 3991 ,
0.0956387201 ,
0.0965400885,
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