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Preface and Acknowledgements

                                '                  '     Since N.F.Mott's prediction that unpolarized electrons may undergo
                       'considerable spin polarization during scattering with a heavy atom, many
experimental and theoretical investigations have been performed in the area

of atomic physics, Currently, e)cperiments concerning spin polarization

have attracted much attention from various fields of physics, particularly

surface physics.
                                   '             '     dne of the most important considerations in spin polarization experi-

ment is the spin polarization detector, which'is markedly inefficient and

structurally complex.

     In the present study, a polarization detector which utilizes electron-

atom scattering was systematically investigated and the optimum operation

conditions has clearly been determined. For this purpose, electron-mercairy
s-cattering was stuclied j.n 1)oth an e)cperimental and a theoreticai view point.

k"!he elastic scattering cross section galcuXated herein has turned out to

Iprovi"de useful infoimation for understanding the generation of Auger

electons in solids. Furthermore, the study of the inelastic process leads

to intimate insight to plasma physics.

     ["ie present papeT is comprised of two sections; Part I, which includes

Chapter l-5, concerns the study of the electron-mercury scattering process.

Part fi, which includes Chapter 6-8, concerns the study of the electron-spin

polarization detector which utilizes electron-mercury scattering.

     Introducing Part I, Chapter l describes general concepts and the histo-

ry ef electron-nercur>J scattering.

     Chapter 2 deals with the theoretical treatmeRt of elastic scattering,

based on the partial wave expansion method. The calculations of both the
differential cross section and the Sherrrian function are also included in

this chapter for incident electron energies between 300 and 2000 eV. '
     Chapter 3 discusses the theoretical treatment of inelastic scattering,

based on distorted wave Bom approximation. The calculation for both the
differential cross section and the spin polarization for 6iP excitation are

perfollned for incident electron energies between 50 and 500 eV.

     Chapter 4 is treating the apparatus constructed for observation of the

loss-spectra of electron-mercury scattering, together with measured results

of incident energies between 300 and 1000 eV and scattering angles between
500 and 1100.

-i'



     Chapter 5 compares experimental (including the data in Chapter 4) and
theoretical (Chapter 3) results for 6'P excitation.

     As an introduction to Part I, Chapter 6 generally describes the e-

lectron spin polqrization detector.

     Chapter 7 describes how the optiinum conditions for the spin polari-

2.ampti::.ge:.2C:grMg2:edg2g2:.ll.ll' i.ed Using the resuits of chapters 2 and 4, and

     Chapter 8 treats the construction of the apparatus for double scatter-

ing experiments which allows to perform experiment under the optjinium con-

ditions suggested in Chapter 7. Also described in this chapter, is the

Pierce type electron gun with a single crystal LaB6 cathode which was used

in the experiment with considerable success and is of most practical use

for high power electron beam source.

                                                               '
     Research for the present thesis was carried out under the direction of
Professor H.Hashjrnoto of the Department of Applied Physics, Osaka University.

     The author wishes to thank Professor H.Hashimoto for the encouragement

and stimulus during the course of the research. Several critical suggestions
from Professors A. Mitsuishi and I. Shoji of Department of Applied Physics

have been rcLost helpful. Suggestions by Professor T.E.Everhart of Univ. of

California at Berkeley provided more jmpetus for an investigation of Pierce

type electron gun with single crystal LaB6 cathode.

     The author would like to express his gratitude to Professor R.Uchiyama

of Faculty of Science for my initiation in the field of quantum theory of

     To Associate Professor R.Shirnizu, I am very thankfu1 for critical sug-

gestions and systematic discussion of both experiments and theory throughout

the present work. The author would also like to express thanks to Dr. K.

Ueda for his help with some aspects of the construction of the experimental

apparatus and to Mr. Endoh for his advice on computer calculation procedures.

I am thankful to nly colleagues Mr.M.Shikata for his assistance in the

development and successful operation of the Pierce electron gun, Messrs. S.

Ichi]nura and T. Okutani for many stimulating discussions, Miss K.Nishiyama

for her typing skill, and all other members of the Hashimoto Laboratory who

supported the present work in various aspects.
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     I am also grateful to Mr.Y.Ogata of Central Research Lab. of Mitsubishi

Electric Corp. for invaiuable advice and support in manufacturing the

sector-type energ>r analyser, Dr. S. Kawai of National Institute for Re-

searches in Inorganic Materials for preparing LaB6 single crystal and
Mr. K.Goto of Nagoya Institute of Technology for his invaluable advice on

detecting and counting system.
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PART I ELECTRON-•iVIERCURY SCATTERING
  '    '                                    '                                               '                    '                                   tt
CHAPTER 1 INTRODUCTION

1-1 General Concept of Electron-Mercury Scattering

     In low and intermediate energy electron scattering by heavy atoms, e-

lectrons are strongly diffracted by an atomic potential because the e-

lectron wave length is the same order of magnitude with an atomic radius

(see Appendix 1 for detailed discussion). The scattering intensity ex-
hibits apparatent oscillatory features (diffraction pattern) as a function

of both the scattering angle and incident electron energy (see Sec.2-5).'

From a theoretical viewpoint, this means that only a few partial waves

contribute to the scattering process, as Arnot (l931) first pointed out.

In contrast r.o atomic poteAtial, spin-orbit interaction is usually very

weak, even in electron-heavy atom scattering. However, spin-orbit inter-
action becomes dominant at a deep minimum of the' oscillatory features, at

which the effective atomic potential becomes extremely weak. Since spin-
oxbit inteTaction is non-unifoxrn over azimuthal angles where the z-axis

follows the direction of the incident electrons, it would be expected that
some effects concerning electron spin polarization take place at the deep

minimum of diffraction patterns.

     An ensemble of electrons is referred to as polarized if the electrons

are unequally populated with respect to the two spin states. The polari-
zation JP of the electron ensemble is defined by P=(Nt-N+)/(N++ N") =2.{(ih)e

NÅÄ+(-i/2)N"}/CN"+N+), twice the expectation value of spin, where N+ and N+

equal the number of electrons with parallel or anti-parallel spin directions

respectively in regards to a fixed direction.

1-2 Historical Review of ElectronF-Mercury Scattering

          tt     Since the historic e)rperiment of Franck and Hertz (1914), mercury

atoms were often used as a scatterer in early stages of scattering experi-

ments because of their moderate vapour pressure and high atomic number

(Z=80), which produces high scattering intensity. Quite a few experiments

were performed in systems of various types (see Table 1-1). In the next

decade, however, few investigations were carried out because the complicat-

ed atomic electron configuration makes theoretical application quite dif-

ficult. Success of measurement of electron spin polarization (ESP) by

                                     -l-



electron-mercury double scattering (Deichsel 1961) revived experiments con-

cerning electron heavy atom scattering (Kessler 1970 and 1976, and Eckstein

1970, another review papers are suminarized at the top of the reference

section) . .
                      '     It is widely known that the macroscopic magnetic field cannot orderly
                                                   'align the spin direction of free electrons (see Appendix 2). The detectability

andproducibilityof polarized electrons forfree states of electrons was first

predicted by Mott (1929, 1932) in application of the relativistic electron

theory (Dirac 19Z8) to double scattering, using Coulomb potential. This

treatment predicted the finite ESP for high energy electrons )100 keV

scattered at a large angle by a gold atom. This condition corresponds to

the condition that the spin-orbit interaction is larger or comparable to

the electro-static potential.

     In regards to the HSP experiment, since Langstroth's early experjment

(1932), the first measurement using electron-gold foil double scattering

was performed by Shull et al. (1943), where the measured spin polarization

amounts to 120-o (polarization) at an electron energy of 340 keV. This is

in close agreement to Mott's theoretical pTediction (100-o).

     Later, Bartrett and Welton C1941) and blassey and Mohr (1941) proposed

that the screening effect on Coulomb potential by atomic electrons played

aii important role at electron impact energy of lower than 10 keV, and that

a large spin polarization could be expected for gold, even at this energy

region. Large polarization occurs because of diffraction effect which is

referred to in Sec.1-l and Appendix 1, Deichsel (1961) first detected spin

polarization at these low iinpact energies for mercury double scattering at

incident electron energy from 1 to 2 keV, and the maximum polarization was

found to be approx, 400-o for 1500 eV at a scatterimg angle of 900. .
     Thereafter, numerous experiments were performed and theoretical cal-
                                                              'culations made for ESP with various scatterers under various scattering

conditions (see Tables 1-1, 1-2 and 6-1 for detailed references). In

general, close agreement has been obtained for theory and experiment, par-

ticularly in elastic scattering of electron-atoin system.

     Currently, ESP e)<periments have extended to surface physics in order

to investigate the surface states of solids in detail.

     Ctn the other hand, a detailed study of the electron impact spectra for

mercury has been made by Skerbele et al,(1969), and Skerbele and Lassettre

(1972) for a small scattering angle at hundreds eV electron energies, jn

order to investigate the usefulness of Born approxination (i.e, the utility

of the concept as ''generalizedoscillator strength").

-2-



1-3 Bibliographies of the Research of Electron-Mercury Scattering

     The bibliographies concerning electron-fnercury scattering is suma-

rized in Table 1-1 and Table 1-2 for e)rperiment and theory respectively.

ESP experirnents concerning electron-atom scattering for atoms other than

                                 'mercury are also included. . '
    As can be seen in Table 1-1, there is sufficient experimental data
for elastic scattering of both the cross section and ESP at various ener-

gies and scattering angles. However, few experiments have been performed
concerning inelastic scattering, particularly .loss spectra at largescatter-

ing angles in aii inteimediate energ>r region. Experiments for ESP measure-

ments of inelastically scattered electrons are equally scarce.

     In regard to theoretical aspects, the case is similar. That is, for
elastic scattering, many caiculations on both the cross section and ESP

have been made, with results comparable to experimental data. In inelastic
scattering, however, only calculations for 6iP and 63P excitation at low

impact energies have been made.

-3-
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Table 1-1 . Bibliographies on experiments of electron-mercury scattering and related experiments•

Hg

Hg

Hg

Hg

Hg

Hg

Hg

Ar

He,Ar,Hg

Hg

Hg

Au

Au

Hg

Au

Hg

Hg

Hg

Hg

He,Ne,Ar,
Kr,Xe,Hg

Hg(solid)

Forward

Foruard

Forward

Forward

5-6oo

15-1250

9oo

20-16oo

50-12oO

Total

9oo

60-11oO

30-1550

30-15oO

30-15oO

30-15oo

25-15oO

Forward

30-15oO

10-17 eV

4,8-10.4 eV

threshold-40 eV

4-41 eV

s.6-soo ev

1,2,10 keV

23-196 eV

so-7oo ev

8-200 eV

340keV

194 keV

l-2 keV

lso-lgoo ev

900 ev

goo-lsoo ev

3oo-7oo ev

2oo-4ooo ev

20 eV

soo ev

Loss spectra retarding mesh

Lcss spectra, retarding mesh

a, inel, loss spectra

a, inel, loss spectra

a, el, inel.

a, el.

P

o, el, inel.

o, el, inel.

a, el, inel.

P, el.

Mott Detector

a, P, el.

P, el.

P, el.

P, el.

P, el.

o, el.

o, resonance scattermg

a, P, el.

Franck and Hertz(1914)

Davis and Goucher(1917)

EldridgeC1922)

wriitney(1929) •'

Foard(1930)

Arnot(1930)

Arnot(1931)

Bullard and Massey (1931)

Pearson and Arnquist(1931)

Langstroth(1932)

Mohr and Nicoll(1932)

Tate and Palmer(1932)

Arnot(1935)

Shull et al.(1943)

Greenberg et al.(1960)

Deichsel(1961)

Reichert(1963)

Deichsel(1964)

Deichsel and Reichert (1965)

Steidl et al.(1965)

Kessler (1965)

Kuyatt et al.(1965)

Loth(1966)

- to be continued -
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Hg

Hg

Hg

He,Ne
Kr,Xe

Hg

He,Ne
Kr,Xe

Hg

Hg

Hg

Hg

Hg

Hg

Hg

Hg

Sb,

Hg

Hg

Hg

Hg

Hg

Hg

'

'

Ar

Ar

'

'

3O -- 15QO

3Q-15QO

30-15oO

20-1550

45-13sO

30-15oO

 ttForward

2.5, 2oO

80-14oO

9so

20-13oO

20-15sO

Forward

20-lsoO

20-13oO

Forward

20-lsoO

 '
 '

30-15oO

3.5, 7, 23, 45 eV

lse-17oo ev

loo-2oQo ev

s-looo ev

46-204 keV

4o-lso ev

lso-goo ev

so-3oo ev

30e-500 eV

6.75 eV

6.75 eV •

25,180 eV

2o-3oo ev

3oo-soo ev

so-looe ev

25,30,50,180 eV

500 eV

3o-3oo ev

go-6oo ev

4-S eV

a, P

P, el.

of, P,el.

P, el.

O, el.

P,el.

P,el. ipfluence of piural
scattenng
a, loss spectra

ti, el., absolute

P, el.

P,ESP-detector
a, p, 61p

a, el., 6ip

6iP generalized
escillator strength

P

p, 61p

inel., absolute generalized
oscillator strength
u, p, 6ip, 6pe3p

6ip, 6pr3P generalized
oscillator strength

a, resonance scattermg
ine1.

Deichsel et al.(1966)

Jost and Kessler (1966)

Eitel(1967)

Mehr (196 7)

Kessler (1968)

Schakert(1968)

Eitel et al.(1968)

Skerbele et al.(1969)

Bromberg(1969)

Wilmers et al.(1969)

Gehenn et al.(1969)

Eitel and Kessler(1970)

GronemeierC1970) •
'Skerbele and Lassettre(1970)

Kessler et al.(1971)

Eitel(1971)

Skerbele and Lassettre(1972)

Hanne et al.(1972)

      '               '
]]inweke et al.(1973)

Bass (1974)

  - to be continued -



Hg

Hg

Hg

Hg

Xe

Hg

forward

30-15oO

20-1550

50-11oO

4-10

4.4-6

eV

.1 eV

150-1200

300-1000

eV

eV

life time 63p

exchange excitation of 63p

a, P,resonance scattermg

a, electron impact excitation
of 63Po,2

P, el.

o, loss spectra

King and Adams(1974)

Hanne and Kessler(1976)

Duweke et al.(1976)

Krause et al.(1977)

Kessler

Yamazaki

et

 et

al.(J977)

 al.C1977)

`
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Table 1--2

Hg

Au

Hg

Hg

Au
Au,Cd,Hg

Au,Al

Hg

Hg ,Au,Cu

Au,Hg

Hg

Hg,Au,Bi

Hg,Au,Bi

.• Bibliographies

Total

9oo

30-18oO

30-15oO

15-1650

O-1800

O-18oO

10-17oO

30-15oO

30-l5oO

on the theory of electron-mexc'u'y'f lac•/}c.r'tte• '.,"ing.:• g..n-d the related

                         applicatiog) of b2x,-ac theory to
                         scatternl.g

 6.7-40 eV di, irte]
 O.1-150 keV P,el. g.c'reeited Coiabomb
 IOO,230 keV Åëel., ,I-Ia;f'trt"e.e

 1.95-121 keV a,P
 150MeV
 20-650 keV a,P,e:/. 'bg]K".'ira'v' }i'G"t.

 75,121 keV a,P,ek'. J,Er;rc}eifi6fi.. Coulomb

 1-2 keV a,P,ek. 'gbel,. I/'Ia':r'yS 'ree pot.
                        a,P,el. (:t)<il.omb pt)it.

                        a,P,e1. C,oulonib pot.

 50-400 keV a,P,el. screeneCt Coulomb
 O.2-290 keV 6,P,el.
                         quadratic. c.c;rk"rectioR of the
                        potentlal

                        power se'g'xes e.-xDE anslon

 100-2000 eV rel.Hartree st,E',ek.
 10-SOO eV a,P,el. calc.aslation of
                        Hartree vot,,

                         rel.effecri

                         rel.effect

                         rel.effect

 10-500 eV a,P,el.

theoretical calculations.

DarwinCI928)

Penny(1932)

Massey and Mohr(1941)

Bartlett and Welton C1941)

Mohr(1954)

Yennie et al.(1954)

Sherman(1956)

Sherman and Nelson(1959)

Bunyan(1963)

Gluckstern and Lin(1964a)

Gluckstern and Lin(1964b)

Lin(1964)

Holzwarth and Meister(1964a,b)

BUhring(1965)

BUhring(1965)

Bunyan (1965)

Schonfelder(1966)

Spruch(1966)

Rotenberg(1966)

Browne and Bauer(1966)

Schonfelder(1967)

 -to be continued-
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Z=1-54

Hg

Hg

Hg

Hg

Hg

Hg

Hg

Hg,Ar

Hg

H,He,C,Ne,
Ar,Kr,Rb,
Xe ,Cs ,Au,
Hg,Pb,Bi

Hg

Hg

Li,Na,Mg,
P,K,Ca,Ga,
Br,Sr,Mo,
Rh,Cd,Ba,
W,Os

Q-18o.o

Total

30-15oO

45--18oO

Q-18oo

O-1800

lo-IQO kev

7-180 eV

6.7-2oo ev

20eV--150 keV

46-•204 keV

loo-2ooo ev

3.s-soo ev

3.5-8 eV

2s-soo ev

loo-lsoo ev

3.5--lee eV

25-180 ev

25-1500 eV
loo-lsoo ev

rela. effect

a, el.

rel.effect u,P

a,oscillator strength

a, rel.effect

o, el.

P, el.complex scattering
amplitude

tests of atomic pot.

O, P,el. influence of rel.
and exchange

a,P,el. influence of atomic
polarization .
a,el. influence of inelastic
chamiel

rel.Hartree-Fock- Slater

 a,P,el. influence of
 distortion

a,p, 6iP DWB approx.

 rel. Hartree-Foclc-
 Slater pot.

Dawson(1967)

Cox(1967) •
Meister(1968)
McConnel and Moiseiwitsch
(1968)

Yates and Strand(1968)
              t.1Bi5hringC1968) '

BUhring(1968)

Yates and Fink(1969)

Walker(1969)

Weiss(1969)

Mohr (19 69)

Fink atid Yates(1970--a)

Fink and Yates(1970-b)

Walker(1970)

Madison and Shelton(1973)

Gregory(1974)
       (1970)

-to be continued-



Hg

Hg

Hg

Hg

Hg

30-15oo

Forward

Fotward

Q-180P

O-1800

3oo-2ooo ev

     4-l2eV

3oo-2ooa ev

so-soo ev

g,P.e1. optimum condition
of ESP detector
aex, P, 63p

a ,6ip, Born-Okhur

ti,P non-rel.Hartree
o,p,6ip DwB

Yarnazaki et al.(1976)

Hanne(1976)

Moiseiwitsch(1976)

Yamazaki et al.(1977)

Yamazaki et al.(1977)

,

o
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CHAPTER 2 THEORY OF ELECTRON--tVIERCURY ELASTIC SCATTERING
         ' ------ MODIFICATION AND EXTENTION OF CURRENT THEORY

                                                           '2-I Introduction .
     This chapter views elastic scattering theoretically employingpartial

wave expansion, for which detailed calculation procedures applicable to

computer use have been developed by many authors Csee Table 1-1).

Calculation has been made for energy regions not studied previously using

an accurate and fast calculation procedure developed for high speed digital

computer (Yamazaki et al. 1976 and 1977). The theories are generally

formulated for use in Chapter 3.

2-1-1 Necessity of Relativistic Treatment

     In theoretical treatment of electron heavy atom scattering, particular

points should be noted. First, the system should be treated relativistical-

ly even in the non-relativistic energy regions of incident electrons.
This may be interpreted qualitatively as follows; The atomic potential '

attracts electrons and because of a high Z number, is very strong. The

electrons passing through near a nucleus may be accelerated to near light

velocity, which in turn necessitates relativistic correction of the elect-

ron mass as a distance function between the electron and nucleus.

      Table 2-1. Comparison of phase shift calculated relativistically
      and non-relativistically for Hg and Ar (Meister and Weiss 1968).

l

Hg 45 eV

relativistic

6t i-t-1
nonrelativistic

6t 6-t-1

Ar 40 eV

relativistic

6t 6-t--1

nonrelatiyistic

jt j-t-1
o
1

2
3

4

-- 1.304

-1.364 -O.981
-O.746 -1.010
 O.730 -1.104
 O.255 O.080

-O.361
-O.568 -O.l92
-- O.719 -O.641
 O.798 O.810
 O.296 O.296

O.386

1.214 1.230
1.247 S.247
O.172 O.163
O.041 O.042

O.402
1.206 1.231
1.240 1.240
O.171 O.163
O.041 O.041

                                                          'The differences between relativistic'' and non-relativistic treatments have

been calculated for mercury by Meister and Weiss (1968), The phase shifts

and ESP of these results are shown in Table 2-1 and in Fig.2-1. In Table

                    '

                                 -10-



2-1, we see that the O-th order relativistic phase shift differs consider-

ably from that of the non-relativistic. This difference lessens for large

l because of a small mass correction. Apparent differencies of ESP are

recognized in very low energies as well.

     The above consideration may also lead to a theoretical explanation of

the seemingly contradictory phenomena that the behaviour of apparently re-

lativistic electron (electron energy of up to 100 keV) can be explained by

Schr6dinger's non-relativistic equation by modifying the electron rest

mass by incident electron energy. This treatment is commonly used in high
voltage electron microscopy and has explained various phenomena with con-
siderable success(M.von Laue 1948, Fujiwara 1961 and HashjJnoto et al.

1964). This is because the electron mass is not greatly affected by the

atomic field in high energy regions. That is, the Harniltonian H.,gand

ff for relativistic and non-relatlvistic cases respectively, are written
 non
              H.,l==V":li-;--iJ"ll+P+V(r) ' . ' (2'1)

              ffn,n =:P2/2+i+ V(r), c2-2)

where the system of units is natural unit (see Sec.2-2). b"rom the un-

certainity principle,

                 ,dpatsr"vle (2-3)
                                                                '
Ik simplification V(r)==-ze2/T ,the minimum energy ff1#Z7and ff.M,Z." iOs

estimated as

                mzn              H.,l '= I"ri Z2 e` (2-4)
                                         '

              HMZ"= 1-z2 e,/2 (2-5)                non e
T..h 3}eztgllg8?,gM:gl.lt.llgE-aZiY•%•,Z.Z•E2kge`,5;",l-lll,Sg.:Z"nlk6Z9illi#eX.;og.a;gl,1 g[.}'

ed as the maxiinum modified kinetic energy dE of an electron, due to the

atomic field. If one takes into account that the electron microscope uses
only forward scattering, i.e., uses mainly electrons scattered distant from

the nucleus, it is seen that the above value foraE is overestimated. Thus,

it may be concluded that the electron mass modified by the incident electron

energy is nearly constant during scattering.
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     It should be noted, however, that because of large mass corrections and

effect of spin, large angle scattering for heavy atoms need to be treated

with the proper rglativistic method ln even hundreds keV energy regions(e.
g. for mercuryHrpZ,"e=96.11 keV andH: =87.07 keV).
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Fig. 2-2. Angular distributi"cns Ca) of electrons and (b) ef positrons of
various energies scattered by mercury nuclei. The scattered intensity is

given as the ratio r to that given by the formula

            Z2 e` . 1 e (1 - V2/C2)
            4v4 sin`(0/2)

Curves I-IX respectively correspond to particles of energies 23, 44, 74,

119, 160, 237, 340, 654, 1712 keV. Curve O is that glven by the app'-"ox-

imation formula C2-27) for an energy of 1712 keV (Mott and Massey 1965).
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     Fig. 2-2 shows the cross section for electrons and positrons normaliz-

ed by the ordinary Rutherford scattering cross section. It shows that at

high incident energ>r and large scattering angle the effect of spin becomes

important CThe effect of spin is discussed in Appendix 3 using Born ap-

proximation). For positron, Born-like behaviour appears clearly than for
electron, this may be due to the repulsive force between the positron and

nucleus (see also Appendix I).
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2"'1-2 Origin of ESP

               t tt              '     The occurrence of ESP(electron spin polarization) is a direct con-

sequence of the interaction of the magnetic moment of electrons and the

magnetic field induced by the atomic field. Charged particles travelling

in a static-electric field ''feel'' the magnetic field which is written

              H= •-vx E, (2-6)
where v the velocity of the charged particles and E the electric field of

the atoJn. The interaction energy e is e)rpressed as

              e= •- pt •H
                                       1 dV                 =-e'S'("XH)'er'dT
                                                               '                              '                   ldV .                =-Fd7• L'S, (2-7)
where /t is the magnetic moment of electron, e the charge of electron,L

the orbital angular momentuin and S the spin angular momentum. This terTn

is called spin-orbit interaction which changes its sign in accordance

with the direction of the spin or orbital angular momentum, causing ESP
of i.nitially unpolarized scattered electrons or initially polarized e-

lectrons to be scattered asymetrically. On the other hand, we can

obtain

             Egb=(/;;2 +v(T) ---lli- 72v(T)+ti!: g.VL•s)gb , (2-s)

                                                                             '

as the non-relativistic approximation of Dirac equation(Foldy et al.1950).

The lst and 2nd terms are that of the ordinary Schr6dinger Hamiltonian,

and the 3rd term the so-called Darwin term, which originates from the

Zitterbewegung, The 4th term is the spin-orbit term in question, which

agrees with that of equation (2-7) with the exception of factor 2, which

is called Thomas factorCThomas 1927). Since the electron spin effects

Hamiltonian through primarily the spin-orbit term (see equation (2-8)),

the above model may provide valuable insight regarding the origin of ESP.

In order for a large spin polarization to occur, the atomic potential V(r)

needs to be relatively small in coTrrparison to the spin-orbit interaction.

Such a condition might be to occur 1) at the minimum points of diffraction

pattern of the cross section (This condition requires that incident e-

lectron energy should be low enough (e.g. Iower than several keV for mercu-

ry) in order for diffraction phenomena to occur during scattering. see

                                           '
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Sec.1-1 and Appendix 1 , 2 at large scattering angle in order to make

the factordV/dTin equation (2-8) large because impact parameter becomes

small at large scattering angle and 3) for atoms of Iarge Z-number because
1/r.dV/dTbecomes comparable to or larger than V at the minimum distance

between electron and nucleus (see equation C2-9)).
     Iri these energy regions, only the partial waves of lower order con-

tribute to scattering. Therefore, the partial wave e)cpansion method may

incur reasonable success for calculation of cross section and spin polar-

lzatlon.

2-1--3 Choice of the Atomic Potential

     In theoretical treaCment of electron-atom scattering, kep.portant con-

sideratioll is the choice of the atomic potential. Due to ehe complexity

ef electron configuration, particularly for heaVy atoms, several models

based on various grades of approximation have been developed (as sumariz-
ed in Table 2-2).

Table 2-2. Various calculation method of atomic potential•

withoutexchange with exchange

ab/th-''.'t-mus'.pmstatisticalmodel analyticalexpressionof analytical expresslon'of
T-•F T-F-D
C[I]ietzl962,Byatt19S7) CR.A.Bonhametal. ,1965)

Atomicenerg>r level by
T--FEmd[I"-F--D
rnrAr4-LK.LaLLel', 19SS)

Consideration on exchange
effect
(P.A.M.Dirac 1930)

self-consistent R-H R-H-F-S
model (J.L.SchonfelCler1966) (D.Liberman etal. 1965)

analyticalexpressionof .approxunate treatment
N-R-H ofexchange effect
(T.Tietz1962,Byatt1957) (V.W.Mas1en1956'

R-H J.C.Slater 1951)

(S.Cohen1960,D.F.Ma>rers
1960)
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     Since the schematic Hamiltonian is represented by equations (2-1)

and (2-2), the distance between the (ls) atomic electrons and the nucleus

is estjJnated as; . •                                                         '               min

             T.,l'V l/Z2e`--1 ' ' (2-9)
                                '             r:Z,".rvl/Ze2 , (2-10)
respectively, based on the uncertainity principle. This means that an
incorporation of relativity in the calculation of atomic potentials

results in greater screening and reduces both the phase shift and scatter-

lng cross sectlon.
     The ratioofthe binding energy calculated relativisticallyto thatnon-

relativistically is shown in Table 2-3-a (Boyd et al. 1963). .The ratio •

for imer electrons such as (ls) or (6s) is greater than 1, which means

that the attractive force becomes stronger in the relativistic case. (in

the other hand, the ratio for outer electrons such as (4f) and (5d) is

smaller than 1, which means greater screening of the nuclear field in the

relativistic case.

        Table 2-3-a. Ratio of relativistic to non-relativistic •
        eigenvalues for several electron shells. (Boyd et al. 1963)

                                              '
ls 4f :,d 6s

2fiFe

74W
7sPt
soHg
g2U

1.008
1.09
1.10
1.11
1.15

O.81
O.86
O.87
O.91

O,84a
O,88
O,84
O.95

1.16
127
l.20
1,34

     On the other hand, the relativistic treatment of incident electrons

increases the phase shift of the lower order according to a sjmilar con- .

sideration, i.e. the attractive force in a relativistic treatment is great-

er than that in non-relativistic treatment.

     The incorporation of exchange interaction between atomic electrons

lowers the energy of the electron level, increases the screening, and re-

duces the phase shift (see Sec.2-3). However, the exchange jnteraction

between incident and 'atomic electrons acts as an attractive force, thus

increases the phase shift.
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 Table 2-3-b. Comparison of phase shift for mercury (Walker 1969)

 (H, no exchange, Hartree potential; H-F, no exchange, Hartree-Fock poten-

 tial; Exchange, Hartree-Fock potential with exchange. All phases are

             '                                'E?eevr)gY i HSPinUPH-F 'Excriange HSPindOWHn-F Exchange

                                          1•35 ••                                 O•15            O O•86  3•5
                                                    ' O•50 Oe12 1•32                                          1•OO                                 O•Ol            1 O•30            2 ' o•s3 o•o6 o•o3 -oe7s .o•o6 o•o`l•
            3 O•Ol O•OO O•Ol O•Ol O•OO O•Ol
  45 O -1•09 -1•44 -1•Ol            a -O"58 -O•94 --Ot48 --Oe28 -e•65 -e•20
            2 -O•67 -1•18 -O•St -Oe59 -a-09                                                                         -e•4=e
                                                                 OdS2                                                                           a•o7            3 Qo92 O•Sl a•07 Oe93            4 o•3o o•as 'o•26 o•3e oeas e•26
                                                  '            jpt o•12 oto7 o•og e•12 o•o7                                                                           oeg
            6 0•05 eg03 O•Ozl• OeOS ee03 O•O`Se
            :7 o"o2 o•ol o•ol oeo2 o•og odol
 300 O -O•24 -e•46 --O-26            1 O•60 O•37 O-58 • O-90 O-67 O•88
                                                                 1-07            2 1•26 1•OO lo23 1•34 1•30            3 S•S6 a•23 1fi49 -1•S6 1•26 1•51
                                                                -loS2                                                                         -.t•35                                                      --1-21                                         -1"36                                -aos2            4 -1•21            S Oe99 Ot79 O•84 1•OO . O•79 O•83
                                                                         • O•47            6 o•6o o-4s e•4s o-6o o•4s            7 O•39 O•28 Oo30 ec39 O•28• O•29
                                                                           e•19                                                                 O•19                                                        O•26                                          Os19            8 Ot26                                 O•19
            9 O•18 eo12 O•12 C•18 e•12 . 0•12
                                                         '

 Moreover, the electric field of the incident electron may distort the

 atomic potential, which in turn causes a long range attractive force
 for the incident electron. The calculated phase shifts for the

 various appro.ximations are shown in Table 2-3-b which confirm the quali-

 tative interpretation given above. That is, for lower order phase shifts
 (l < 3),the Hartree potential without exchange and Hartree-Fock potential

 with exchange comply well because of opposite effects in the two exchange
 interactions, For a higher order of phase shift(l >7), Hart;ee-Fock

 potentia! without exchange and Hartree-Fock potential with exchange agree

 satisfactory, This occurs because the largest principal quantum number of

                                    m" 17 --



mercury is 6, and partial wave froml>6 have little exchange interaction
with atomic electrons. The difference between the Hartree potential with-

out exchange and the Hartree-Fock potential with exchange for a higher

order of partial..waves is not negligible but is small and affects only at

forw'ard scattering. Therefore, the fonner model with relativistic treat-

ment, despite its simplicity, is considered to give accurate results.

Atomic distortion is not thought to notably affect the electron-mercury
scattering at intermediate energies (Walker 1970),* thus is not consider-

ed in the present study.

     Among various available expressions of atomic potentials, an analyti-

cal expression is most convenient for the present calculations. We have
therefore used the non-relativistic Hartree potential, analytically ex-

pressed by Byatt(1956). The present calculation agree well with those

obtained using Mayer's relativistic potentialC1957, see Sec.2-4)**

 * A recent report on e-Xe elastic scattering (Kessler 1970) implies that

  exchange scatteringhas relevance until 700 eV, and atomic distortion should

  be taken into account using the polarized orbital rnethods at 150 eV.

** The effects of and the relation between relativistic and non-relativis-

   tic equation, and relativistic and non-relativistic atomic potential

   are discussed by several authors CSpruch 1966, Rotenberg 1966, Browne

   1966 and Meister and Weiss 1968). It was concluded as a vital point

   that one should perform relativistic and non-relativistic calculation

   using relativistic and non-relativistic potentials,respectively CWalker
   1971). However, as is shown in Sec.2-5, the combination of relativistic

   treatment and non-relativistic potential gives good results in the ener-

   gy region under consideration here.
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2-2 Born Approximation
                          '
2-2-1 Integral Expression of Dirac Equation'

     The Dirac equation in common e)rpression is written as

              wip = -- (a p+3+V) ip
                                  '

where
              a= (2 O,)

               '              s= (5 2)s

                                                             '       '                                                        '
ti the Pauli matrixi W the total. energy, p the momentum, 'y the

potential energ>T and (P the four cemponent spinor. The system
so-called ka'Lural unit, in which c=m=6=].,where c 2s the light

the electron re.st .mass and 5 the Planck's constant devided by

The unit of various quantlty is tabulated in Table 2-4.

        Table 2-4. Unit of various quantities in natural unit

      C2-11)

      (2-12)

      (2-13)

 atomic
of units is

velocity, m
2rc e

e

unit vaCue

energy
-14

8.lxlOjout.

length h/mc -13
4.0xlOm

charge
h;C7Cm 1.exid'8cou{,

tirne 6/.e -21

L2xlOsec.

* ox = (? 6) a, =(9• 8) a, = (6"O,)
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     The formal solution of the wave equationHÅëj.=J13 ip"'s written either

explicitly as •

                                                            '                                           '              ip(il•I)• =Åëj•+ wl.riÅ}is VOj• , (2-14)

 or implicitly as

                                                   '             ip(9'=Åë o'+ wo•-iÅ}ie vip(?' (2-is)

                                   '

             K== IZI-v, (2-16)
 Kis not necessarily kinetic energy and eo• satisfies Keo• =Wj•Åëj••

 TThe sign + or - represents the asymptotic conditions which correspond to

 outgoing or incoming scattered states, respectively. Equation C2-IS) is

called the Lippmann-Schwinger equation (Lippmann and Schwinger 1950 and

 Gell-Mann and Goldberger 19S3).

     The equation (2-15) can be rewritten as follows; The operator

!/ (W-KÅ}ie) is defined as

             (YV-KÅ}ie)• 1/ (PV-KÅ}ie) =1, (2-17-a)

             1/ ov-KÅ}ie)•ov-KÅ}is) =1, (2-17-b)

and

             vv-KÅ}ie=W + (ap+B) +ie

                         W+1Å}ie a•p (2-18)
                            a.p W-1Å}ie Sso

                                                        .             i/ (pv -KÅ}i e) =i/ ( (wÅ} i e) 2-p 2- i ) ( -PValpi Å}Z S il] lll Pi Å}ie )

             == (vv-ap-B)/ovtiie)2-p2•-1), (2-19)

which can be easily proven by direct substitution. Equation (2-15) results
 in

                                                  '
                        vv-ap-B             ipCili•) == Åëj-+(wÅ}i,)2-.p,-1 VipCill•) • (2-20)

                      '

Using the relation,

-20-



   ff,-ik' ('-")dk dr' == (2T)Sf6 (r-'r')dr'= (2rr)3, (2-21)

                                                '                                                             '
the second term of the right hand side of equation (2-20) can be transform-

        '   (W-ap--B) /((vVÅ}ie)2-p2-1) v (r) gbjGt)(r) .
= ov-ap-B) /( (VV Å} is ) 2- p2- 1)f 6 (r -- r ') dr 'v (r) ip j. GO (r)

= (2L),ff(wÅ}W-i,a)P,--' B.,-ieik('-')v(r.T) ip,.ee (rt) dkd,,

                                                                       '
==

 (2;) ,ff(WÅ}Wi,a) P,-..Åí ,-! eik ('-") v (r') ipo• ft) (r')dk drt, (2-22)

where K= lk i.

b'sing the residue theorem, the integrations of the variable k can be performed

  (2i),f(weÅ}iik,),SKN,!Sl) dk == -di- 4; eÅ}iVitli:-i..nd ,,l;`e" ee'[ . (2-23)

Equation (2-20) results in
ipiii•) (e) = mp 3o --m 4iva f( we- ap-e• B) eiiMK,l F -- " l v (r') Åë(i?• (, i ) d . ,

                                                                    '                               t iK (T-(ge ee')/ r)       "yÅëimu 4i. fov--sp--B)e . V(r') ipCi?. (rg)dre

         '                                     -                  +iKr       =: Åëd - 4irr e -r (w-akf -B)fe 3: i kf" v( ge ') gbje(, ,)d,, (2-24)

whereK=vEi75=I, kf==K'r/T andT= tel.[[he final expression of equation (2-24)

is obtained assuming the usual scattering condition1rl>>lr'l (see Fig.2-3).

               tr- tre Equation (2-24) is the integral form

  x of the relativistic Dirac equation  Nk sr ..<pt'"r>lt ,                                    (2-11). From equation (2-24), the
                Nr           . scattering anrplitude for the usual
Fig• 2-3. Relation of r and r'. ::Ul:.ftOel:g W9Ve boundary condition is

                                                           '
   f(a =- 41z (Pv -- akf -Mfe -'ikf"" v (.,) ip1 ()r t) dr' . ' (2-25)

                                     .9
Note that equation (2-25) represents the exact scattering amplitude for

Dirac electrons.
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2-2-2 Born Approximation
                                                       tt                                                  '
     In order to obtain an approximation of the scattering amplitude, the
  gblL.F)appearing in the right hand side of equation (2-25) is replaced by Åëj.

  . This approxiimation is called the first Born approximation

 fBoTn (0) i= - 4iT ov-a kf- B) fe" ikf ' "v (rt .) Åë j. (,,) d ,t. ' (2- 26)

                                   '
igy,C?gX'riue.P::.:",t:g.i.1.Z,Z2[f.T;2g:9.;SO?,gg-RS.gE::"gs? the ordinary Ruther-

                                   '  (da/d`S2) B6..'' =' 4v4,2je.4, io/2). (i-v2.sin2 (o/)'2)). (i-v25 ' (2-27)

The first factor of equation (2-27) is that of the classical Rutherford
founula, the second is that originating from the spin of electrons (see

Appendix 3) and the third is the mass correction term.

It is of note that the scattering anlplitude of first Born approximation

gives zero spin polarization as is also shown in Appendix 3. Thus, a
calculation on spin polarizatioR of high energ>r electrons is often per-

formed using second Born approximation (Walker 1971).

2--3. Partial Wave Expansion

     For a central field of force we may separate equation (2-11) by polar

coordinates,  Substitution of gb =('- Ql' ifXI--rcrc1)gives (Rose 1957)

 -il-rc,L, [(W-V+1) f-dg/dr-(rc+1) •g/r] ' •'
                                                                   (2-28)
    Xrc,pt [(W-V-1) g+df/dr- (rc-1) f/r] =O' ..

                                    t ttt twhere f and g are radial wave function and

  Irc,,cz==;ll C(l'1/2,3' ;M,pt-M)Ylm ip,/,,pt"., ' (2-29)

                                                                 '
                            'with
                                             '
                                    '             Kt -M=Å}1/2 (2-30-a)
                                        '                                          '                                              '             -•             0:=Ircl--•i/2 • • ' (2-30-b)
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             l= I rc -rc >O (2-30-c)
                      -• rc-1 rc <O) (2-30-d)
           '
C(l,i/2,j;m,pt-m) is the Clebsch-Gordan coefficient, the detailed form of

which is shown in Table 2-5, where Ylmis the spherical harmonjcs and
ip ih,Lt-m the spin function• As the asymtotic forms of these four compo-

nents are related with one another, it suffices to treat only the lower

part of equation (2-28) (Mott and Massey 1965). Hereafter this two compo-
nent spinor is referred to as ip unless otherwise noted.

              '
          Table 2-5. Clebsch-Gordan coefficients C(ji,1/2,j;m-m2, m2) .

-J= m,=1/2 m2=-1/2

ji+1/2 [(ji+m+1/2)/(2j !+o]1/2 .[Cji-m+l/2)/C2j,

ji-l/2 '[(jz-m+1/2)/(2j [Cj,+m+1/2)/(2j, +o]i/2

    Thus, the general solution of equation (2-28) in the polar coordinate

system is expressed as .
                                                                '  ip =ia g ff     rcAt rc ,Ct rc                   rc vct
        co    == l.iS. 1 il alLtegl C (t ,i/2,t- l/2;iCt-i/2,i/2) Yl ,Lt- i/2 +

        pa       lgl ii7 al,,:t9l C (l,1/2,g-1/2;pt+i/2,---i/a Yl,,et+1/2+

         co       t="So i7 a.-l-1,,ctg....I-.1C (l 'i/2't+i/2;'Ctd'/2''/D Yl,xt-1i/2 2-31)

        oc                       g C (l , i/2 , t + i/2 ; pt + i/2 , -- i/2 ) Y        zxa        l--O ,ct -l--1,,ct -l-1                                                      l , ,ct+i),f,

From equation (2-28), the radial equation with respect to g can be easily
derived as
                       '
       tt       dag{ +(ÅÄil- - 8') d,g."+lab- K (".,")+5 -Åíl-lg. -o• (2-32)

where a =W-- V+ l , b == W-V-- 1 and ai =d a/d r, For 7' -. oo , equation (2-32)

reduces to

                                           '       d2grc 2 dgrc       dT2 +T'Er7r +(K2'l ;l,+ i) )grc=o , c2-33)
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whereK2=W2--1.Since this differential equation is that of
sel function, the solution may be represented as follows;
              '                                 '
              g rc A-jl (K T) •cos (6 rc) -- nl (K T) •sin (6 rc)

               rt oo
                      -1               -- (KT)                         sin (KT--z/2.I+6rc),

                                       '                                                  'where jl and nl are spherical Bessel and spherical Neumarm
spectively and 6rc is called the phase shift.

Corresponding to the two initial spin states with respect

       --scat,termg states are wrrtten '

                     ik'r iKr             ip .v e

and
ip .N.

ikr

+f" (0'

  ge (0

  g- (e

+fl (0 i

t

'

'

'

,q5')e /T
      zKrÅë') e. /T

      -. ..      zKrtht) e ''         /T
 '      iKT
lÅët) e          /T

'

spherical Bes-

         (2-34)

function re-

to z-axis, the

(2-35)

                   e                                                 ' (2-36)

where f and g are called direct and spin-flip scattering ainplitude, re-

spectively. From the comparison between equation (2-31) and equation
C2-35),arc,pt is fu11y determined as

      '        'a l , pt == -- 4n(l -- ,ct+ i/2) Y2 (2 l+ i) -- '/2 e i(6 i +rr/2 ' l) \l Tpt -- ,/, (0 , Åë) (2 -- 37-a)

a.-.I-i,i,=47v (l+,ct+i/82 (2l+.i) -ithei.(6'-i-i+tr/2 i) yt,,,*,..,/,(o,(p) ,

                                                                 C2-57-b)

for spin-up initial state, and from equations (2-31) and (2-36)

                                    '                                                              '
ai,,Lt==4rr (l+,cL+i/D la (2i+i)""ihei (6t+T/2'i)yif,,,+i/, (e,<P) (2-38-a)

                               '
a-l -. i , ,,, =4tr (l -,ct+i/2)ith (2 l+i) -'  i/2 e i (6-i..iFT/2'l)yL,Z+,/, (o ,Åë) ,(2-38-b)

for spin-down initial state, taking into account the Rayleigh's formula,

  ikr l .e -= }1.Eo (21+1)i jl <?irT) Pl (cosr)

          oo- l      :4XIX=, (;lii jl (KT)YT. (e',Åë5 Yl. (e,Åë) , • (2-3g)
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gge.'E :,'--.i,T,6."g' `e3K-iK',.0,' `?la-",g) k..'d=Egt;O:lg'o' ,.Åë=,(incident aiong the

z-axis), we can express the scattering amplitude as

f (0)=fr =fl =: (: ,rr• il ' : ..SO.oO(2 l+ 1)"-' i/'lkl+ 1) (e2i 6" l-1"1 )+l(e2i6l-•1) lylo (o; ,Åë' )

                                                                 (2-40-a)
                             l/2
 g(o ) ., gt e'`' iÅë '=-gs e ckjE" == ;z4 f)e tOOI el + 15ih (l + 1 ) Y2 . IY2 (e 2 i6- l-1- e 2 i6l ) yl 1(0 ',Åë') .

     For further derivation let us start at thg initial conditions (2-40-b) •

                      iKZ             ip .. (2 :iK,), . c2-41)
 '

which have the initial polarizaticn,

 P =: <a> =< <A*B+B*A,e (B*A-A*B) ,gAj2 -IB 12) >, (2-42)

                         '
undeT the normalization condition lt<l I2 +lB I2 =:1. Here, the polarization

of an electron beam is defined by statistical averaging as equation (2-42).

Then, using the Sherman function S defined by

 S= el (fg*-f*g)/(l f[2 +ggl2), . (2-43)
                                                                'and the scattering cross-sectlon for unpolarized eiectrons

            ao (e) ==lfl 2+1gi2 (Z-44)

we obtain the scattering cross section with initial polarization P as,

 a(0,g6) =::<iAft+Bg" i2+tAgt+Bf"t2 >

          := ao (0) (1+SnP) , ' (2-4s)
                                                          '                 '

   ' n= (-sinÅë,cosÅë,O) , • (2-46)
                                                            '

n S is a polarization vector of scattered electrons with an initially un- '
polarized electron beam. As the polarization Ps of scattered electrons

  '

                                                               '                               -2p-



is derived from equation (2-42), substituting Aft +Bgifor A and Ag+ +Bf;

for B one obtains

Pg = iP, •U •cos g!) -- S•s inÅë+P.-(i-T/a )cos g5 (P.cos Åë+pys in Åë) I

    /(1+S •n•p) (2-47-a)        '

pg = lp,•u•sinÅë+s•cos(P+T.py- (1-T/a) cosÅë.

      (P.•sinÅë-Py•cosÅë)l/ (1+S•n•p) (2-47-b)

Pg= IP,•T--U (P.•cosq5-Py•sing5))/ (1+S•n•p) , (2-47-c)

where u=2Re(fg' 5ki andT== q f12-1gl2)/a.Equation (2-47) can be rewritten

in simple form as, ' • '
ps= [P•n+S] •n+T•nx[Pxn]+U•[nxP] . (2-4s)
                        1+ s-n•p

From equation (2-48) we see that the polarization of incident electrons
are affected as follows; the vectorS n is added to the components[P • n]•n

perpendicular to the scattering plane, i.e., perpendicular to the wave

number vectors of both the incident and scattered states. The cornponent

parallel to the scattering plane is reduced by the factor T(lTi< 1) .
The polarization vector is rotated out of its original plane defined by n

and P because of an additional component determined byu(Kessler 1976).

Thus this leads to the polarization of the scattered electrons for the

initially unpolarized electrons as '
                                                             '

               Ps=S (-- sinÅë,cosÅë,O) . (2-49)

Equations (2-45) and (2-49) suggest that Sherman function S has two roles,

i.e. giving scattering asyrmetry for initially polarized electrons and

polarization of scattered electrons for initially unpolarized ones (for

the qualitative explanation see Appendix 4). Equation (2-49) also shows

that the direction of the ESP of the scattered electrons is perpendicular

to the scattering plane.
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2-4. Adopted Numerical Calculation Procedure

     Hence the scattering amplitudes are expressed as a function of the
phase shifts 61 and 6-l.-1 (see equation (2-40)), it is necessary to deter-

mine phase shift by clarifying the relationship with the radial wave fun-

ction. Various calculation procedures have been developed for the esti-
mation of phase shifts. Present calculation adopts one of t.he most ad-

vantageous procedure which were developed for accurate and fast computer

calculation combining various calculation procedures (Yamazaki et al.

1976,1977). Some of them except for that shown below are sumarized and
compared with each other in Appendix 5.

     Introducing the change of variables (Bunyan and Schonfelder, 1965),

     Frc;Arc(r) sing5sc(r)/r (2-50-a)

     Grc := Arc (r)cos Åërc (T)/T (2-50-b)

we get,

     dthrc/dr:=rc/rsin2Åërc+ W-V--cos2Åërc (2-51-a)

     d(inArc) /dr =- rc /r CoS 295rc "' Sin 295 rc. . (2-51-b)

From equations (2-34) and (2-51-a) and their derivatives we obtain the ex-

pression for the phase shift
             K"jl+i (Kr) -jt (Kr) l(W+i) tanÅë.+ (1+g+ rc) /rl

                                                                   (2-52)         rc ttP-t+1 (K-r) uanl (KT) i(W+1)tanÅërc+ (1+l+rc)/Tl.

The expression on the right is evaluated atr=a where a satisfies V(a) •-vo,
     Equation (2-52) allows us to evaluate 6rc using only the first order

nonlinear differential equation (2-51-a), which simplifies the computer

calculation procedure considerably.
                                  '     As the numerical integration of differential equation (2-51-a) can-

not be made fromr=Obecause of the divergence of the potential energy
v(T),we expand V(r)and (Prc (T)in a power series in order to derive ini-

tial conditions at smallr(Bunyan and Schonfelder 1965) as,

                                                 '             V (r) =:- 1/T (Zo+Zlr-+-Z2r2+Z3r3) (2-S3)

             Orc (r) =Åëo+Åëir+Åë2r2+•••• (2-S4-a)
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     ln (A rc (T))==Bo+Blln (T) +Blr+B2r2+ •••• . (2-54-b)
 '
                :tSubstituting equations (2-s3) and (2-54-a) into equation (2-51-a) .we ob-

tain the following equations; .

     sin (2Åëo) =-Zo/rc (2-55-a)
Åë1=; (W+ZICOS (2Åëo))/(1-2rccos (2Åëo)) (2-55-b)

Åë2= (2(15isin (295 o) (i-rc (1!}i) +Z2)/(2-2rc cos (2(Po)) (2-ss-c)

        '

Åë3= (2Åë2sin (2Åëo) '(i-2rc Åëi) +2 9E'1iCOS (2Åëo) ' '  (2.ss-d)
     (1-2/3 rc Åë1+Z3)) /(3-2rcCos (2Åëo))

Åë4= [( (2 di3 -•(2 Åë1) 3/3 ! )- rc (4 Åë1th 3+ 2 Åë22- (2 Åë1) 4 /4 !) )Å~

                                                                 (2-55-e)
S in (2 Åëo) + (1" rc Åë1 )4 Åë1Åë2cos (2 Åëo )] /2 (2 -• rc cos(2 Åëo))

                                                                   (2-S6)
             Bl ==- rc coS (2Åëo) '
                                  .
     In order to keep the wave function finite atT=oi.e., to maintain

the positive Bl in equation (2-S6), we choose •

             O<-2Åëo<---T/2 rc <o (2-57-a)

             T<-2Åëo<-3/2 'n rc 2)o. (2-57-b)

Integrations were carried out fromr=O.1 by the fourth order Lunge-Kutta

process which has sufficient accuracy for the present calculations, In

the region O.1<-.rs15, to avoid the use of excessively small intervals in r
when performing the integration, a change of variablesT=O.let is intro-

duced. The equation (2-51-a) is then rewritten as

  dÅërc /d t=rc sin (2Åërc) +O.let (VV---V-COS (2Åërc)) . (2-58)

Thereafter the ordinary equation (2-51-a) was employed for integration up
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toT=300. We stopped the integration atT=518 (=2a) to reduce computing

tjme. To make this process more appropriate, the charge distribution was
reconstructed in the region 300ErS518 as a quadratic fo]rm, the coef-

ficients of which are determined so as to make the total charge equal to

Ze,where Z is the atoinic number of mercury, and the charge density and

its derivative continuous at T=300 to avoid anormalous 6-function type

charge distribution (BUhring 1965).

     A charge reconstruction of this type may have some influence on for-

ward scattering but may have little influence on backward scattering,

since in the latter, electron is scattered by the not reconstructed poten-

tial because of small iJnpact parameter.

     According to the consideration given in Sec.2-1-3, a non-relativistic

Har'tr• ee potential Emalytically expr. essed by Byatt C1957) is adopte(l, which

ls wrltten as

                               3 -br '
              v(T) ==-.7, e2/re2i'aie i , (2-59)
                              i ---1

whereai=O.19, 0.56, O.25,bi= 9.133Å~10-3 , 2.768Å~ 10-2 , 1.123Å~ 10-i , re-

spectlvely. Ail phase shift was evaluated from t=O to 16,l<ZO-5,
                                                        Al     To evaluate scattering cross section and Sherman function, it may
be advantageous to use the functions E(0)and ff(0)instead of the scatter-
ii7ig amplitudes f(0)and g(e) which aTe defined in equation C2-40)

CBilhring 1968).

           4iff (e) ..i (e2i6'"opg-e2i6t ) Li (2-6o-a)
                     l-1
                                  '          4iE (o) =x (e2i61 -t-e2i6-'l -2) Lt , (2-6o-b)
                     t=1

where

           Lce (costh =n [Pn (cosO) Å}Pn -1(cose)] . (2-61)

The cross section an(l Sherman function are then expressed as

           I (0) =K-2 (sec20/2.]E12+cosec20/2•IH12) (2-62)
                                                                        '
           S (0) =i (EH*--HE*) / (1H12cot 0/2+1E i2tanO/2) (2-63)
                                                               ,
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[Ihese transformations have some advantages. At 1800 the Legendre function
                            nis expressed as Pn (--1)= (-1) ,thus the numerical sumrnation of a large

number of phase shifts, which is usually the case in high energy scatter-

ing, would incur error at angles near the backuard scattering. However,
L.+ which appears inE(e) behaves like cos2(e/2) so would be more accurate

The same arguments hold for the forward scattering.
     Each angular distribution of cross section and Sherman function was

calculated at 10 intervals from OO to 1800.for various angular resolutions

All input data such as matching radius and intervals of integrations were

made sufficiently large and small, respectively, in order to make the re-

sults insensitive to those parameters.

The order of phase shifts estimated ranges from 18 to 53 for the incident

energy of 300 to 2000 eV.

     All the necessary additional functions such as Bessel, Neuinann and

Legendre functions were calculated using recurrence relations as,

                                                                 '
       --       Jm+ 1(X) =- Jm- 1(X)+ (2M+ 1) jm(n/x (2-64-a)

       nm+ 1(mp ==- nm-. 1(x)+ (2 m+ 1) nm(x) /x ' (2- 64 -b)
                                          '
                  '
with initial conditions

       --       Jo(x) =sin(Z)/x, jlco =sin(ZD/x2- COS(mp /X (2-6s-a)
                                                 '

       no(X)=-Cos(t!>/x , n1(aD = -- cos(mp/x2-sin(aD/x (2-65-b)

and

      LÅ}.+1<ZX)= [(2n+1)'X 'LnÅ}((XD- (71H-1)L:ii.-1(X)

                                                           '                -(1Å}X) Pn-.ICt)Yn (2-66-a)

      P.+ 1(aD := [(2 n+ 1)x Pn(X) -n P.- 1(x)] /(n+ 1) (2- 66 -b)

with initial conditions                       '

      LZi(tp=o LÅ}I Ct) =xÅ}1 (2-67-a)
               '

      Po(mp =1 Pl(n ==X ' (2- 67-b)
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respectively, throughout the present calculations.

The flow chart and the list of program for the present calculation is

shown in Appendix 6.

2-5 Results and Discussion

     In Fig.2-4, calculated results of the cross section are compared
the data of Bromberg's absolute measurements for primary energies of
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300   '

1•5

  le
ctA

ee
6;

vbe.s

                    e300 eV .A-s
                    a400 eV /
                 ft Asoo eV A/...-

                  stn                  s le
                   l 11                   t J'1-{}-N.
                  it: ;.;'7Jet't bx.

                    t  '      '                    stex peri ment -
 ( Bromberg ,1969)

present caEcutation

x

x
t

e

N

N

N

N

N
N

N

N4

Å~

N
o

N

N
N

 N
N

N

        o          O fO 20 30 40 50 60
                           ANGLE(deg.)

        Fig. 2-4. Comparison of the cross section between the present
        calculation and the absolute measurements of Bromberg (1969).

400 aLnd SOO eV(1969). Here, the theoretical calculations describe experi-

mental curves quite well qualitatively, but in quantitative arguments the

theoretical values are about 1.5 times larger for each incident electron

energy. Fig.2-5 shows the calculated angular distribution of the cross

section and Sherman function for various incident energies. Fig.2-5 shows

comparisons to calculated results by Holzwarth and lvleister (1964b), where

Mayer's relativistic Hartree potential(l956) was used. Although several
approximation procedures have been introduced in the present calculation,
                 'such as the scattering of relativistic electrons using a non-relativistic
                                  'atomic potential, it should be noted that these calculations give satis-

factory agreement with the more accurate but complicated calcuiation.

In Fig.2-6, results are also given as a function of incident electron

energy for the purpose of convenience. Results are sumarize(l in Fig.2-7
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for both cases of the angular resolution ofaOS1 anddO=7.

This makes direct comparison with the measured spin polarization of a

large acceptance angle possible(Bunyan and Schonfelder 1965). Fig.2-7

shows that the contours of constant polarization inclines to the left,

i.e., the extremum points of ESP shift to lower angles as the energy in-

creases. This corresponds to the fact that a diffraction angle becomes

smaller as wave length shorter.

 20ev

y
2
!1OOO
u
g
E
fi 500
[il

30

+

 60 90SCATTER1NG

ee

+

     120
ANGLE e 4e=

150
7e

 2 eV

y
2
!1Ooo
w
g
E
W 500
i[l

  300

e"
 %

$o
eg

SCATTERING
90
  ANGLE

     oe
120

e Ae
 lsoe
= 1'

- S25
-•5zSt-2
@•2rSt•1

Nitsto
eoest-.1
va1 i S-> -2

Et2 est -s

agsts

Fig. 2-7. Contours
of scattering angle
resolution dO +S IO and

 of constant

and electron

 dO=7e

polarization

energy with

 as function

angular

-49-



2-6. Application of Partial Wave Expansion to Monte-Carlo Simulation---
      Applicability of Conventional Screened Rutherford Cross Section for

      keV EIectrons and its Failure in Low Energy Region

     Krefting arld Reimer (1974) have pointed out that the Rutherford cross-

section (see Appendix 3) is inaccurate iJn describing the elastic scatter-

ing of kilovolt electrons with atoms in solids for heavy elements, and is

still rather poor approximation for elements as light as aluminum. They

have compared the unscreened Rutherford cross-section which diverges at a

scattering angle ofO= OO, to the scattering cross-section obtained by a

partial wave e)rpansion method. However, the former method does not pro-

vide one with the total cross section, which is an important parameter in

Monte-Carlo simulations. The screened Rutherford cross-section formula
has been widely used in Monte-Carlo calculations (Heinrich et al. 1976),

and it does provide us with the total elastic cross-section. Furthermore,

Shimizu et al.(1976) have obtained close agreement between experimental

and Monte-Carlo calculations based on the screened Rutherford cross-section.

Hence, it is of interest to compare the partial wave expansion predictions

with those obtained using screened Rutherford scattering.

     From the theoretical viewpoint, although the differential cross-

section for elastic scattering for electrons of energies below 1.5 keV

Cp.g. Fink and Yates 1970) and greater than a few tens of keV have been

investigated (e.g. Sherman and Nelson 1959 and BUhring 1968b), the cross-

section for intermediate energies has not yet, to our knowledge, been

published. Hence it is of practical as well as theoretical use to deter-

mine the elastic scattering cross-section by partial wave expansion methods

for electrons of energies-between 1 and 20 keV, which are energies widely

used for MOnte-Carlo calculation as applied to electron microprobe and

scanning electron microscopy. The differential cross-section was cal-
culated using analytically expressed Hartree-Fock potential (TIG.Strand

and Bonham 1964).

     The results were compared with those published by Fink and Ingram

and were found to be in satisfactory agreement with them in the region
from 100 to 1500 eV.

     Figures (2-8-a) and (2-8-b) show a comparison of differential cross-

section for elastic scattering between the screened Rutherford and partial

wave expansion calculations for aluminum at various electron energies of

interest for the present study. The screening parameter BN adopted in the

present calculation was the one derived by Nigam et al. ( Nigam et al.
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19.59) using Thomas-Fermi potential arLd second Born approximation. This

result• shows that both the differential cross-sections are in close ag-

reement bet}v'een 10 and 20 keV and that the screened Rutherford can sti11

be extended with fairly good accuracy down to 5 keV. '
     Below 5 keV, however, the descrepancy between the two becomes re-

markable. So far as the excitation Qf high energy is concerned, such as
K-ionization, for which electrons with erier'gies highcr thain about .Z. ti'm.es

of K-ionization energy plays important role in practical problem (in Alu-

minum 3Å~1,5 keV=4.5 keV), these electrons of low energies below 5 keV are

no more significant source of signals, i.e. K-Xrays and/or KLL Auger e-

lectrons. However, if signals of low excitation energies are treated in
the argument, we have to take lnto account the contribution of low energy

electrons. '
     Thus in this case it is strongly recommended to use the differential

cross section obtained from partial wave expantion calculation.

     Another comparison for the total cross-section is shown in Fig.2-9.

The screening paraineter does not cause any marked changes in the differen-

tial cross-section for scattering angles larger than several degrees in

the kV region. Hence, taking an appropriate value for the screening para-
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 meter, i.e. O.48 3N for alurninum,

 we can use the screened Rutherford

 scattering for energies ranging

 from 5 to 20 keV with considerable
                , success in Monte'-Carlo calculation.

 In Fig.2-10, total cross sections
 calculated by three methods are

 coiirpared, i.e., partial wave expan-

 sion and first Born approximation

 using Hartree-Fock potential, and
 screened Rutherford scattering Lsrith

 Nigam's screening parameter BN.

      Although the partial wave ex-
  pansion rnethod is one of the most

  accurate theoretical approach to
  elastic scattering at present,

  it provides a differential cross-

  section with limited accuracy for

  scattering angles of less than 10

  degrees because of ambiguity in the

  theoretical aotmic potential

  (Bromberg 1969). This ambiguity

  carries over to the total cross-

  section which one must use in

 Monte-Carlo calculation.
   Thus, the present result suggests

that the screened Rutherford scatter-

ing describes the elastic scattering

of kV electrons with considerable ac-

curacy for a light element such as

alurninum, particularly using an ap-

propriate value of the screened
parameter, e.g., O.48 BN for aluminurn.

Furthermore, since far better agree-

ment between those two cross sections

is theoretically expected for lighter

elements, the Mcmte-Catlo calculation
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nique using screened Rutherford scattering is a very useful approach for

better understanding of electron penetration in organic and biological

samples. However, this argument does not hold any more for such a low
energy excitations as LW Auger electron production in a]minum. As a
typical problem of practical iiTrportance, the application of the differen-
tial cross section obtained from partial wave expansion calculation to

Monte-Carlo sirnulation of AILw Auger electron production will be brief-

ly mentioned below. .
     Contribution of the secondary electrons to the energy distribution

is seen in Fig.2-11. As is expected, the secendary electrons only con-

tribute to the lower part of the energy distribution. The distribution

                                                 lncident Electrons
         incident Etectrorzs o.6o Ep= 10kV
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  Fig. 2-II. Energy distribution of the backscattered and secondary e-
  lectrons for 10-keV electrons impinging on aluminum at normal and oblique

  incidences. (Hatched area: signals generated by secondary electrons.)

of L-shell ionizations (corresponding to LW- Auger electrons) produced by
the secondary and backscattered electrons on the Al-speciJnen surface is

shown in Fig.2-12 together with that of K-shell ionizations (correspond-

ing to KLL-Auger electrons). It is worth nothing that aimost half of the
LW-Auger electrons and about 309o of the KLL-Auger electrons are produced

by the secondary and backscattered electrons. Another point to be noted
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                                           o a).L ionizations in the sylfage layer of 1 A by the contribution of one

 pr]Jnary electron: 1.02Å~10 /A. L ionizations by the total contributions
                                                    o of backscattered and secondary electrons: 8.9Å~10-" /A. (b) K ionizations
                           og' ?,:h,s-g"J.ggge.ii:fi],2g•g.g :J t,:g :g2:ii2gx:';l,2{.-g".: g}'llg.lil[,g.i:,cg;gn,:

                                -6 O and secondary electrons: 2.7Å~10                                 /A.

is that the contribution of secondary electrons to L ionization is remark-

able at the vicinity of the incident prjmary beam impact as is seen in

Fig.2-12-b. This is quite understandable because the secondary electrons

are generated almost no]anal to the direction of primary electrons of high

energies, and, hence, they move parallel with the surface at the vicinity

of the incident point leading to a high generation rate of L ionization in

the surface layer in question.
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CHAPTER 3 THEORY OF ELECTRON-fVIERCURY INELASTIC SCATTERING
                 - '-- APPLICATION OF DVslB THEORY

3--1 Introduction

     In electron-mercury scattering, similarities in the diffraction
patterns of elastic ahd inelastic cases had been previously recognized by

Mohr and Nicoll (1932), and Tate and Palmer (1932) for intermediate energi-

es. Inelastic scattering e)rperiments with an energy analyser of high ener-

g>r resolution also showed a diffraction pattern similar to elastic scatter-
ing at inelastic channels of 6iP excitation CGronemeier 1970), and 6iP and

6p'3P excitation channels (Hanne et al. 1972, Yamazaki et al. 1977c). These

are the transltions of high scattering intensities in electron-mercury loss

spectra. Pol arization measurements of inelastic electrons have recently
been made .at 6iP and 6p'3P excitation channels, which also resulted in

patterns slmil'ar to the elastjc cases (Eitel and Kessler i970, l971,Hann.e

and Kessler l972).

     Penn>r /fl,932) and YavorskiiC1947) treated the total cross sections for

excitation •of 6iP and 63P states in mercury using Born-Qppenheimer appro)ci-

mation. McConnell an-d MoiseiwitschC1968) refined the above treatments us-
ing Born-Ochkur approximation. In regards to oscillator strength, the above
treatment ga'tre fCiPi->iSD=2.17 and f(3Pi+iSo)=O.037 which were in close

agreement to tle experi/mental xfalues 1.l8 artd O.037 (Lulio 1965). According

'to developinent 2in ESP measurements of inelastic channels, theoretical cal-

c.ulations ot- a'Lifferential cross section and ESP at the 6iP channel would be

highly expected. Chie theoretical calculation has been made and resulted in

success in a certA-j.n aspect using distorted wave Born approximation (DIVB ap-

proximation)(Madison and Shelton l973). However, this calculation is con-

fined to rather lowTer impact energies (50-180 eV) and failed to give correct

cross sectlons.
     In this chapter, the 6iP excitation cross section of electron-mercury

scattering is cliscussed. For this purpose, the DWB approximation is formu-
lated in detail at 6iP excitation for the mercury atom and calculations are

made for incident electron energies of 50 to 500 eV. This may provide

detailed information on the scattering process, particularly on spin polar-

ization in unresearched areas.

     The reason for adopting the DWB approximation are as follows; First,

Bom approximation is known to give inadequate information on the differen-

tial scattering cross section at large scattering angles and in every case
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predicts zero polarization (see Sec.2-2-2), thus in spite of its s[implicity

and clearness, Born approximation turns out to be useless. Second, the
coupling between 6iP excitation and elastic channels is generally weak (the

intensity ratio between 6iP excitation and elastic scattering is about 10r2

in both the energy and artgular regions in question). This weak coupling

implies that the scattering of electrons from the inelastic channels to the

elastic channel is negligible. Thus, it may not be necessary to adopt an

approximation as precise as the close-coupling approximation. Third, the
sÅ}milarity of diffraction patterns at elastic and 6iP excitation scattering

suggests that the elastic scattering plays a dominant role in the 6iP ex-

cltatlon scatterlng.

     This leads one to expect that the present DWB approximation would pro-
vide reasonable accuracy for the interpretation of 6iP excitation scattering

process. Furthermore, as there exist little theoretical results using DlaB

approximatj.on except for the two works for heavy atoms (Sawada et al. 1971,

Madison and Shelton 1973), it is interesting to apply the relativistic DWB

approximation to the calculation of cross section and spin polarization of

electron-mercury scattering.

3-2 DWB Approximation

     As is shown in Sec.2-2-1, the formal solution for the wave equation Hip

         is written implicitly as ev=W ip
   aa
            ipee=Åëa+ wa -iKÅ}ie Vipee ' (3-o

            K=H•- v. • (3-2)
                                 '
                                                              '
The transition rate per unit time is given by (Gell-Mann and Goldberger
1953)

           Wij• =2TlTio• l2 6(Wi -Wj.), (3-3)

where

           Ti3• ==<Åëj•IVIgb(;.)>• (3-4)

In the case of V=Vl+V2 , equation (3-4) is written
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            Tij• ==<Åë,,• [Vl +V2 lipiC"+•'l)> • - (3-s)

Introducing the eigenfunctions of K+v as
                                    1
                       '           2killl =: Åëcr+ vv-KlÅ} ie VI X<il? , ' (3" 6)

we can transform the equation (3-5) as follows,

   Tio' ='<Io(1)- vv-Ii:-ie ViX(i)lVi+V2lip(ll2 >

       == < -2Z(; )l Vl+ V2 l gbClt•) > - <-I(J) l Vl w - ili + i, (Vl+V2 ) l Cb(?' >

       =<Mi')1 Vi +V21 ip(?J >ntdoO' lVi lÅë(if' pt mpi >

       =<si:-7"'•)IV2ldi(il•l)> +<XSI)IV"ei>. •• (3-7)

                       '
T•he ingoing dist( orted waves are related to outgoing waves by time reversal,

which has the form CSatschler 1964)

                                                           '      (X(.') (k,er)).g,.= (- 1)Mi -M(X-(: (-k, r))Nme,h.m (3Ls)

                                                                  '
(The appearance of the lngoing wave in scattering problem is qualitatively

e)cplained by Breit and Bethe C1954), and Wti and Ohnura (1962).)

Considering the inelastic scattertng of an electron-atom system, we can set

yl as the atomic potential and v2 as the interaction potential between the

incident afiJnu" atcmic electrons (see Sec. 3-3). In this case, the second term.

of equation C3-7) vanishes because of the orthogonality of ground and excit-

ed states of atomic electrons. Then, equation (3-8) is written

              Tio• -- <2kr<5)IV21gblj•)>. (3-g)

                                                           '
Note must be made of the fact that equation C3-9) is an exact solution of

     In equation (3-9), if the atomic potential vl is substantially larger
than the interaction potential y2, then we may substitute .Xe ;) for gb(e.

              Ti o' =<Xo('-)I V21 X<il.) >• ' (3-10)
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Equation (3-10) is called distorted wave Bom (DWB) approximation, since
Born approximation is obtained if X( i•) and .X8I) are replaced by plane waves.

That is, DWB approximation introduces the effect of distortion of plane

wave by the core.potential on inelastic scattering.
     To clarify the physical aspects of the DWB approximation, we will view
scattering of electrons with hydrogen atoms non-relativistically. The WaVe

equation for the system is written

(i/2• (7;+7:) +E+e2/Tl +e2/r2 -e2/r12 lcb =o , (3-11)

where the incident electron is distinguished by the suffix 1, the atomic

electron by the suffix 2. The energy E is the sum of the energy E,of the

atomic electron in its ground state and of the kinetic energy of the in-
cident electron. We may e)rpand the function ip(rl,r2)in the form

          ip (r 1,r

where the functions

satisfying

2) - g+f

ip (r) are

 n

"' ip. ( r2)' F. (ri)

the eigenfunction for the hydrogen

(3-12)

atom,

q/272+E] + e2/T)gb (T) :=o .
        nn (3-13)

  [nie integral sign denotes integration over the functions of the continuous

  spectmm. Substituting equation (3-12) in equation (3-11) using equation
' (3-13) and multiplying gbdi(r2)on both sides of this equation and integrating

  over the coordinate space of the atomic electron, we obtain

      ( 27i2+ E-E.) F. (ri) =f(e2/Ti2-e2/ri) gb (ri,r2)' gbii(r2) dr2 .(3-14)

Writmg

Vnm(rl) =fÅë:(r2) e2/rl2.ipm(r2) dr2 , (3-15)

we have

(72/2+E7-E)F (r) =.S' 'V F (n.
           nn 7rv nm m (3-16)

If Vnm(n20,M:})1,n#M)is neglected in equation C3-16), then we obtain
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           (72/2+E•'Eo-Voo) Fo=o ' C3-17-a)
                                              '
           (72/2+ii7-Ei --• vE.i) Fi= Vio li'o . (3-17-b)
                       r --
Equation (3-17-a) is merely the ordinary equation for elastic scattering
with atomic potential voo, which can be solved by the same method develop-

ed in Sec.2-3. As Fo is known, the equation C3-17-b) becomes a simple
inhomogenious differential equation which can be easily solved (Mott and

Massey 1965) as

                                                                         '           tt          '                           . Fi (T , 0 , q5) -- El7 r- i e ZKz' TJt'v io (T', 0', g5 ') • Fo( T', ei,Åëi) fi (T u z- e)d r'

                                                                     C3-18)
where fi satisfies

                                              tt     i( er 2/2 +E-ei -Vii) fte (ge) =O, (3-l9)

and cos (e)= cos fi cos ei+ sin 0 sin 0' cos (Åë -Åëi) .

As ea.uatlon (r6-]8) eq-uals equation (5-10), the essential points conceming

DiVB approximaticn are concluded as follows: ,
]/ ).r• n,p"gl/ectv e- f 'tt.h-p. scs.ri ttp..rin.g i/Hro/. iLnelastic betates to the elastic state and

2, )t neglect of t'he 1nteraction between the arbitral set of inelastic states.

T/he 'TBoz'n'' of' Dl,beB steais from 'the approx[imation mentioned above.

     From another view points, DICB approximation is one of the ft'rst order

pertu-rbation where K+rifis chosen as the unperturbed Hamiltonian, On the

other hand, Born approximation is the first order perturbation theory where

Kis chosen as the unperturbed Hamiltonian. '

3--3. App]ication of DlafB Approximation to Electron-Impact Excitation of
       6iP State of Mercury Atom

     In this section, an attempt is made to rewrite the theoretical ex-

pression of DWB approximation in a more concrete form for practical use.
     The electron configuration in the mercury atom is expressed as (ls)2
(2s)2...,.(5d)iO(6s)2. In as far as the 6iP excitation is concerned, the

atomic electrons interacting directly with incident electrons are confined
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to electrons in the 6s shell. Therefore, it is assumed that atomic e-
lectrons other than (6s)2 do not interact directly with the inci•dent e-

lectrons. Then, the total Hamiltonian H is written as

                " e2         H = Ho (n + Hl (rl, r2)+ l=il,2 lr-rll , (3-20)

Wanh8re r and rl(l =1,2)correspond to incident and 6s electrons respectively

             '

        Ho(t') =KT+V,-2 (r) c3-2o
                                                          e2        Hl (rl,r2)= Krl+KT2 + Vz--2(rl)+Vz-2 (r2)+lrl" r2 j , (3-22)

                                                                        '                                                                    Lwhere K is kinetic energy and Vz-2the atomic potential energy composed of
a' mercury nucleus and core electrons. We will rearrange the above Hamilto-
ni'an as follows
               '
             '
        Hcu= KT+VS (r)+Hl (rl,r2) (3-23)
        Uaf =- VS(7r)+ Vz-2 (T) +ii.is2 1.{litl, . - C3-24)

where

          a e2        Vz(" =Vz--2 ev li.g2 1r-ri11 6.,> , ' (3-25)                    (T)+<g

and

        Hl (rl ,r2 )ecv=Ea, 6a, (3- 26)
                                                              '

where ev takes values i and j' according to the atomic states before and after

scattering, respectively. The potential V2 in equation (3-10) corresponds

to theuafof equation (3-24). Then, the distorted wave function I8Zvis written

as

       Xev(r, r, ,r2 )= X.O (r) • 6.(rl , r2 ) , (3-27)

       oand X satisfies
       a

              ao o       (Kr-Y Vz)Ia= (W-Eev)Ia' (3-28)
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The ui and 2ej differ outwardly from each other but have like effects on
equation 6-10) because eiand go• belong to different eigenvalues of the

same Hamiltonian. Namely, from equation (3-10)

                                               '    Tij.=<x3•O(-) S• 1 -V,CY (T) +V, -2(T) t:.El,2 1 reiTl1VkriOGi)gi >

             '      =<iO,•(T)g<S ii-,,, k, -2,ite,>fi'1: eti)> . (3-2g)

For furthgr calculation, we take gi and S• as C6s)21s ground state and (6s)

           '(6p)ip excited state respectively, We may write the wave function g.

in the form

6,.` = q?5o (1e2)"(:' o ( 1,2) , (3-30)

with

     tho < X,2 ) == lioo ( 01pdi1 )e Roo (rl)e Yoo(e2,(P2 )a Roo ( r2 ) , (3--3D

whereIsm(0,di>is a spherical harmonic, Roo(r) the radial wave function for

the 6s electrens, and Co(1,2)the singlet spin function associated with spin

quantenn nuinbers=Ms=o. Concerning eti,we ignore spin-orbit coupling for
simplicity and introduce pure Russel-Saunders P-state wave functions given
                                                                     'by

       S =: MiMsC(f'i'S; ML'Ms)"Åë iML(X'2)"4sMs(i,2) v (3-32)

where the C(J,a,S;ML,Ms)are Clebsch-Gordan coefficients shown in Table 3-1,

      g5thL (l,2 ) = tJIY.o ( el , g51 ) 'Rlo(Tl) 'YIA4L ( 02 ,Åë2 )'Rn(r2)

       Å} Yoo (02,di2) 'Rlo(r2)rYIML(el Åë1)'Rn( rl)l (3-33)

              (+ :S= O,- :S = 1)
                                   'are the spacial wave functions with radial functions R                                                        and R                                                                for the 6s
                                                      10                                                              11
and 6P electrons respective ly andCsMsis the spin function for the two e-

         associated with spin quantum numbers S and Ms .Iectrons
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         .•.Table 3-1.

s=

J+1

J

J-1

t

-[

[

Clebsch-Gordan

%-i

             iE
gi\iiJ,:ili]

(:\}kM+i)] i/,

(I32,(li\+i)] i/2

coefficients (J,1

MS-O

I[IS\il),;liy+i)] i/2

     M
 [J(J+1)] i/2

[(l'(M2}g;M)] i/2

 ,S;A4-Ms,Ms)•

Ms=-1

[[J,3\l,({:li] i/2

ISf'XlS+rvi+i)l i/2

             1/2[(g:il,(l'M)I

     The inner parenthesis of equation C3-29) can be easily calculated since

the operators in equation (3-29) do not contain spin operator and the matrix

elements corresponding to different spin quantum numbers vanish (Iliis means
that one of the selection rules corresponding to the conservation of multi-

plicity holds in DWB approximation.). It is found that

 ML                           e2v,, (r,e,Åë)='< %i i i r-rii i6o' >

        ih = ( 83Z) e2(Åëio,Åëoo)< 95iil Ii'i (Ti,T.)1`Po6 > Yi, jillL (o,Åë)' C3-34)

='  Vlo'Yl ti (0,Åë)

         IL
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  With Fn(ri,r)= ri (rf)n Ti)r

                                      n                             -;:- ('II!t') r>Tl , (3-35)

  In equation C3-34) the following formulae are used
                                                      '                ir-irii = (i rii i il ,, ldilll npn (cosT) ,Ti> T

                           W ,."EOO,, rrl npn(..,r),r> rl (3-36)

                                                                         '  where r is an angle formed by the two vectors r and rl,

               Pn ( COSr) = 2Åíli i Yn,m*( 0i Åëi)' Yn ,rrb( 02 ,Åë2) (3- 37)

                                      '

 fYni ,illi Yi ,m Yn2 ,nz2 dgl.(iT) 'th (inni++ ii)Y2 'c ( n2, i ,ni ;m2 ,m)

               *C( n2, 1,n150,O). (3-38)
       As can be seen from equations (3-34) and C3-35), the form factor vol,
  the radial part of the effective potential which causes 6iS+6iP excitation
  behaves like TN2 at large r , corresponding to the indttction of the electric

  dipole moment. In general., the form factors appearing in various excitation
  processes behave like r-n in correspondence to the various multipole moment

   induced. This also implies that arnong the various traiisitions, those cor-

   responding to a momentum transfer of one unit may be relatively strong since

   the form factor corresponding to these transitions decreases most slowly.
       The wave functions XG) and X(-) can be easiiy written using the equation

   C2-17) for the two initial spin states in Sec.2-2-1 as

Xi(
i)=4rr iEo.2,Ec,]-9;-!-Z-:-1'7'V +i i ( (l+ict+i/2) Gi e-ini+ (l-,ct+i/2) G-i-ie-op-i--i l'

                                                                 '                 n         7iii e2iit ii (t-,ct+i/2) i/2 (l+ict+i/2) i/2 (-Gi e-tyi+G-t-ie-iop-i-i )•

                   Yl,xt + i/, (e ,95) •Yl,pt*+ ,/, (ei, Åëi )

                   Yl,,ct+ i/, (0,95') 'Yl,pt*- ih (0',Åë') (3--3g-a)

                                                                '                                                              '
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t\z{- l) = 4 ra -IE.1 lii (2elZ-
l-t l)(e+pt+ i/alith(l-pt+i/, )i/2(--.Gl e"ZVl+G-l-1,'--Zif-l-1)

           iE.o . il (2 te+` l(li`(i -pt+i/al Gl e-iop i+ (t +ict+ la ) G.-. I - i e '-' in- i - i l

                         *      Yl,,ct-i/2 (0 'th)'Yl,,ct -t t/2 (e'' `?5') (3-3g-b)
                    '       Yl,,ct-i/2 (0'`?'5)'Yt,,ct*.i/, (0' Åë')

                                  '                            l)tl}  and us[ing Yle :=[(2l+1/4rr]

                     i-Z!-l
XS? = (4rr) tE.o k, iii)i/, 1i gi ei6i +(i+i) •g-i-i ei6 --t-i)yt ,o (ot,Åëi)

                     iLt
              iE.i (e2iii)i/,'(i+i)'/2'ii/2•(-gieZ6t + g-.i-ieZ6-t--i) yi,i (o, tht)

                                                              (3-40-a)

ti):= (4.)ile IE.1 (2e lllt lL),/, .(l+1 )i/2.l'th. (- gtei61+ g-l-lei6-g--1) •yl ,-1(o,Åë,)

             IE.,(2e IZ;t it)la •le gl•et6t+(l+i)•g....l-i•eZ6-t-i l.yl,o (ot Åë,)

                                                               (3-40-b)

  where the notation Grc and ?rc are used for the state elastically scattered
  by the potential of the excited-state atom in the direction k = (Kf ,e,O))grc

  and 6rc for the state elastically scattered by the potential of the ground-

  state atom in the direction of k' --(Ki,O,O) and the coordinates of the incident

  or scattered electrons are represented by r' = (7',0',g5). The suffix O of X

  is omitted for sjmplicity (see equation (3-29)). The sign in front of 7rc
  changes depending upon the boundary conditions of incoming waves.
               --  Us ing the a lZ pt and b tZ pt . defined by

           iaL
  ali,,, =-StZl7g -iZ•e -+ i2 ((l+ict+i/2 )• Gt• e-iVl + (l --- ,ct+i/2) -G-l-.i'e-iV-L'il (3-4i-.)

  bli,c, = -4lli 7Z+-Iil. (l -,ct+i/2 )'/2 • (l+,ct+i/2 )'h • (-Gt• e'Znt+ G-l-.i• e"-Zop-l-i)

                                                               (3-41-b)
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  ai = ((42 ige+ eii)'ti5ill (l •gl• ei 6t + (l + i)• g- t-i •ei6--L-i) (3-42- a)

  bi =(4(or2)i/2+lll/ili/,L• (t+i)'le•ii/2• (-gi•ei6t+ g-L.i•ei6-L--i), (3-42-b)

we can re"Erite equations (3-39) and (3-40) as follows;

 X;:)t= Eo ii alxt' Yl,,ct+i/2 (0'O)'Yl,xtlEt-i/, (0''Åë')

                                    (3-43-a)
     E, lii blpt• Yl ,pa+ ,h •(0 ,Åë) •Yl,pt'. ,/, (0 i, Åëf)

  slii) ,--1:.:lil ;il' bi,,,eYg,,,,...i/,(fi,g5)"Yl,,ctiZ-i/2 (0"'`P') (3.43-b)

    kxi E.o ft" al, -.ri Yi ,,,, -,/, (e , Åë ) " Yg ,,,, .- i/, (0 " Åë)

 xi,1) ==/gt.Eo a]" Yg,o (0i'Åëi) c3-44-a)
    Vl.E, bio Jy'l,, (oi,Åë!)

 x.,(t)=1(iE., b]' Yi,-i (0''Åë')N rzrAA---

    VE., a7" yi,, (oi,of7 . L---J

Then T-matrix of equation (3-29) for various spin states are expressed as

 T,M,-<Xg/-Tl)ivge,ii8IiS•iPt> -
   = IE.o lt.:Eo l (a l: l vo l l ait ) (Yl ,pt+lh , Ylill' Yl', o) Yt , ,+ v, (e ,Åë)

   + tE.,lcil, i(to1,,*, l v,,l bi,) (Yl,pt-i/,,Y,.*.Yl,,,) •Yl,•,*,,+,/, (0,Åë)
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          '
==

 iE.i (ai,l,/,lmfvoiia 2-i )(:i;F )ih(2 ie i) '/2c (i -•i,i,i;o,m) yifm

- iE.o (ai,1i/2jE.fvoiia7+i )(:iili )i/2(2 i++ii)'/2c (i+i,i,i;o,m) yiT.

+ iE.i (6i,1i/,:.(voiib 7+i )(';S. )'th(2 ll l) i/2c (i +i ,i,t;-i ,7rb) yT ,.

'-'

 IE.2 (bt,iistmlVoilb ?.i )(43rr)i/2(2tl i)i/2c (l -'i,i,l;-i ,m) yi,m

Tll,D= ailli•lv vpOil3, i XS•iil>

 = IEI IF...oi (b lt *pt 1 vo1 l a i, ) (Yt , pt+y, , yl*. ytt,e yl ,*K,-i/, (0 ,Åë)

 + lgo lF-.1i(a ll iptIvol I b Z, ) ty l , pt-i/, ,Yim Yl,, 1) Yl ,,,,.,/, (o ,Åë)

  =iE.i (bi,i.-,A*,+.ivoi}atli)(:S.T)ile(2ii+i)'/2c (i-i,i,e;o,m) yi,nt-i

  - IE.i bt,li2+mlvoi ia 7+i) ('Åí.T)i/2( 2ll l) '/2c (l +i,i t;o,m) ye*,."i

 + IE.o (ai,l7n4ii/2lvoiibi3i)( 43z )'/2(2:++ l) '/2c (l +i,i ,t;--i,m) yi,li-t.m

 k' tE.2 (at,lm+*i/2tvoi fbl2- i)( 43z )'h(2l+ i) '/2c (l-i,i,l;-i,m) Yl,fi+..

                                     (3-45-b)

Tli],li' : <Xil-i•%iV`Xtl,iX`1;•l,>

   = tE, ii,=,,E" cIZ iVoi ib7')( Yi ,pt+i/,,Yi;I: Ye' f- i) Yt,pt'+i/, (0 'Åë)

   + t{!,ltF=,,EblijZ 1"oila7')(Yl,Lt-i/,,Yiill Yt',o) Yl,*zt+i/2 (0'Åë)

   == tE.o (al ,int i/,lvoi1bl? i) (-2i{ltT)ile( 211++ii )'/2c (t+i,i,l;i,m) yl ,;ll+i

   - IE.2 (al,7711rllii/, 1Voi lbl3i) ( 43rr)'h(2ll+i )'/2 c (l •-•i,i,t;i,m)yl,ini
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   + iE.i (bi,,it.lf,/,ivoiiai2 i)( :iili )'/2( 2il. i) '/2c (i •-i,i,t;o,m) yi,aL-i

   - iE.i (bi,7h ,/, iv oiiatai) (43T)Y2( 2S++ ii)i/2c (i+i,i,i;o,m)yi,;h-i

                                    (3-45-c)
T` lll,7 = <X,[•E'iV:I,1 iXS'll >

  = l{Ei IE.ilii (b 1jil Ivo1lb i,) (Yl ,,,,+i/,,y1;ll yt;- 1) yl ,*,,,-,/, (0 ,Åë)

  + l:.:ll, t;=,i (a l', -* ,,,lvo" a 7D (Y t , ,a-i/, , Yi i;L Yl,, ,) Yl ,*,,, .- ,/, (o ,Åë)

                                        '  = IE.i (bt,7h+f/,lVoiIbl? i)( 43T )'/2(2 ll ++ ii)i/2c (l+i,i,l;i,m) ytim

  - IE.2 (b g ,7jl,+i/,lvoi1bl2 i)( 43z )i/2(2l+ i) '/2c (t -i,i,t;i,m) yl T.

  + iE.i (ai,-,lh!i/,ivoiiai2 i) ( Åí.7)'/2(2 tt + i) i/2c (e -i,i,L;o,m) yif.

  -iE.o (ai,-71IL:i/,ivoiiai?i) (-iiTt)'/2(2lll)'/2c (i+i,i,zso,m) yiTm .

                                    (3-45-d)

 Here the equation (3-38) and Table 3-1 are used.

   It is easily shown that

        7Til} eith=-Tl.-tieMiO= Tl (3-46-a)

        Tt,Or =- T"O =T? C3-46-b).
        Tt;l e-iÅë=- Tsilei(P = TII (3J-46-c)

        T"tl e2i(P= Ttile-2igi.?, T; (3'46-d)

        Ti?' eiÅë=-Te"O e"io== T02 (3-46-e)

         Tiliii = Ttil =TEi (3-46-f).
                          '
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      Comparison of the equations (3-41) and (3-42) with the equation (2-40)
 shows that the coefficientsatZu' (blZpt' ) represent the direct scattering (spin-

 flip) during the elastic processes occuring before and after the inelastic

 single process. Hence, the processes occuring during inelastic scattering
 are explained schematically from equation (3-45), e.g. TtMt(it) represents

 the process that initially, an incident electron undergoes a direct (spin-

 flip) elastic process followed by another single inelastic process and

 finally undergoes a spin-flip(direct) elastic process once more.

      The relationship between T-matrix and scattering amplitude is given

 by (Schiff 1955)

              f .,. - 1 T.
                                                                     (3-47)                       2z

 Differential cross section and spin polarization are derived from the same
                                                                          ' procedures shown in Sec. 2-3. For the initial electron beaJns of q5i=(AB)eZKZ

 having polarization P=(px,py,p2)the cross section is represented as,

da
dZ

iin5el== 4l}, iii. ;..liF,o ,-ll l.ATttO'+BT;?O'12+lBT"O'+ATti42l >

       == 4irr2 li f. o• .i,o,-il iE.i ,2 iTZ' i2 - 2 im• (T {' *•T g' )• (- px sinÅë + pyc os Åë )]

                                                                      (3-48)

 where Ki and Kf are wave numbers of incident and scattered electrons.

 The cornparison to equation (2-45) in Sec.2-3 shows a similar relation between

 the elastic and inelastic scattering cross section. Then the Shermian fun-

 ction Sinel in inelastic scattering, the quantity relating to 'left-right

 asymnetry, may also be defined as

      Sine l= -2 2tl.i,o,It M( T{' *T02' ) i2 gi,2 o'-mf7, o,-ilTZ' 12 (3-4g)

      Ctne the other hand, the ESP of inelastically scattered electrons are

 expressed as
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        Pinel =<a> . .,                          --t-                :";ii(.A,'iT(kd'sl:'nBlll)TZ`ct*os'BÅë','oft)"A'T'Z'*)a(2zZllll.'BATTtJlll11N(3-so)

        Pi.,l= 2im (Tl*Ti-iTg*T 02+TIi*TS)ci.iE7 f.I7 fTot. t2 , (3-so

  where a denotes the Pauli matrix and < > denotes averages over all in-
   cident spin directions. The actual calculation shows that the SineLequals

   the Pinel'
  As can be easily seen from equations (3-49) and (3-51), the effects of ESP
   becomes inexistent if all TS• is a real or pure imaginary number i.e. the

   phase shifts "rc and 6rc related to elastic scattering play an essential

   roles on the polarization effect of inelastic scattering.

   3--4. Choice ot Atomic Wave Function

       [[he atomic potential used is the non-relativistic Hartree potential a-

   nalytically expressed by B>ratt (1956) CSee Sec,2-2-3). The radial wave
   fiLmction of the ground state (6s)2 and the excited state (6s)(6p) of the .

   mercury atom used are those calculated by McConnell and Moiseiwitsch (1968)

   using the Coulomb approximation, since the results obtained using these wave

   functions wTere in excellent agreement with experiments as has been referred

   to in Sec.3-1. McConnell and Moiseiwitsch (1968) fitted these wave functions
   to a sum ,of exponentials

              Roo = Ao exp (/--czoT ) +Bo exp (-boT)

              Rio == TA6exp (-a`oT) +B6exp (- btoT)

              Rn = r(A iexp (- ai r-) +Bi exp (- bi T) ), (3- 52- a)

   with

                                                                 'Ao =o.go7Å~io-4,ao = o.6 i2 Xio-2 , Bo =- o.42s Å~io-4,bo= o.i44 xio-i

                                                 ttA6 = o.7s 6Å~ io-6, a6 == o.s s4 Å~io-2, B6 =- o. i3i Å~io'- 3, bo'= o.ig6 Å~io-i

Ai == o.io3Å~io-6, ai = o•4 io Å~io-2 , Bi = o.3o3 Å~io-6 , bi= o.i64 Å~io-i s-

                                                                 (3-52-b)
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          Fig.3-1. Radial wave functions for mercUry, (6S)coulomb;
          Coulomb approximation for (6s) electron in (6s)2 state,

          (6S)'couloinb; CoUlomb approxjrnation for (6s) electron in

          (6s)(6p) state, (6p)coulomb; Coulomb approximation for (6p)

          electron in (6s)(6p) state, (6s)Hartree; Hartree approximation
          for (6s) electron in (6s)2 and (6s)(6p) electron states and

          (6P)Hartree; Hartree approximation for C6p) electron in c6s)

          (.6p) state. (rvicConnell and Moiseiwitsch (1968) and Mishra

          C1952)).

results of self-consistent wave functions using Hartree field for the 6s

orbital of the normal state (6s)2 of neutral Hg CMishra 1952). Note that

the axis of abscissa is written in log-scale i.e. the departure between

functions nearr-"O is emphasized too rmtch. .
     It was assumed in the Coulomb approximation that the active electrons
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(6s and 6p electrons in the present case) behave like the electrons moving

in a Coulomb field C!T having the same binding energy as the actual one, C

being the excess charge on the nucleus when the active electrons are remov-

ed, Although the wave functions obtained in this way are not the eigenfun-
ctions of the Coulomb field, it is expected that they have satisfactory
profiles and rnagnitudes except those near 7'--O(Bates and Damgaard 1949).

[[his approximation is justified because the probability of the electrons in

question, which exist in the inner part of the atom where the potential

departs from C/r, is slight. This can be demonstrated for the oscillator
strength by comparing

       '                                                                         '                  rb 3                fo Ri RfTdT, (3-53-a)
and

                  oe 3•                fT Ri RfrdT - c3- -s3-b)
                    bs                        '
where rb is the boundary value of r at which the atomic potential behaves

like C/T,ftiand Rf initial and final radial wave functions respectively.
Table 3-2 gives the relevant data for t'wo cases of s-p transistions cal-

culated using self-consistent wave functions (Bates and Damgaard 1949).

                                                         '
                                Table 3+-2. .

                                                       '     System Transition rb(in unit of ao) fiib frOOb

      Nal 3S"4P ie5 OeO04 O•386
      OI 3s-3p 2.0 O.05 4.02

Calculated results by McConnell and Moiseiwitsch agree well with the ex-

periments. This confillns the usefulness of the Coulomb approximation, even
though the 6s wave function used behaves like ls or 2s electrons.
The oscillator strength for the iPi+iSo transitions are given by the formulae

                                                '             f=2S2o2/a , . . (3-54--a)
                                          '                                                   '                                '                                                                            '                                         '
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               a2= 1/3(f`lllRooR 11rS dr )2 (3-s4- b)

                                    '               S.=fo OORoo RloT2dT , • . (3-54-c)

and Z is the wave length of the radiation. Formula (3-54) results in the

values

              fcoulcmzb == 1'17 (3-ss'a)
              fMishTa == 4'76 (3-'5s-b)
              fMadison=8e8 (3-55- e)
corresponding to the wave functions of Coulomb approximation (McConnell and
MOiseiwitsch 1965), of self-consistent approximation by Mishra(19S2) and of

self-consistent approximation by Madison and Shelton (1973). Madison and
Shelton calculated the wave function as the eigenfunction of relativistic
atomic ground-state potential. fco2el(mzb is in close agreement with the

experimental value 1,18 of Lulio (1965). This implies that the Coulomb ap-

proximated wave functions can closely represent the states of the real

atomic electrons, particularly their spacial distribution.

  3-5. Adopted Numerical Calculation Procedures

• The calculation procedures ofgrcandGrcin equation (3-42) are like those
  in Sec. 2-3, but here both the phases g5rc and amplitudes Arc will be estimat-

  ed by the fourth order Lunge-Kutta process. 'Bo', the normalization factor
  in equation (2-54-b) is determined by the first row of the equation (2-34).

       The potential V(T)is expressed using the charge distribution p as

         v,(7-) ., -;t7fT p(7•,) rt2dTi +fOOp(d•') 7•td7•' (3 --s6)

                    O T'
  [[he first and second term are called inner and outer shielding, respective-
  '  ly (Slater 1960). From equation (3-s6) and Pi(.f)(T)=e21Ri(.f)l2 we can

  construct the potential field of an excited state atom, which is necessary

  for evaluation of Grc in equation (3-39). The Volchanges very slowly and
  is greater than the atomic potential Vg and ve at T)340 and r-'390 respective-
  ly. This is because Vol behaves like 7'"'2 asymptotically at large T, as has

  been pointed out in Sec.3-3. As the form factor is the long range potential,
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   the number of partial waves necessary for the evaluation of T-matrix becomes

   quite large in ccrmparison to those of elastic'scattering. However, the

   number of partial waves distorted by the atomic potential is like those

   necessary in elastic scattering calculations. Contributions from the dis-
   torted partial waves are estimated as follows: 1) Equations (2-51-a) and

   C2-51-b) are solved numerically by the fourth order Lunge-Kutta process

   (see Sec.2-4), and the integrations necessary to evaluate T-matrix are per-
   formed by trapezoidal rulefromT=O.1 to r=rowhere V(ro)-O. 2) The phase

   shifts are estimated at T==To and the T-matrix is again integrated numerical-
   ly to 7'=Tlusing the first row of equation (2-34), the expression of grc

   at large T and we took Tl=13700 in most cases. Contributions to the T-
   matrix from the higher order partial waves originate from only the asympto-

   tic region of the form factor, then analytical expression of these is pos-

   sible using the formula CWatson 1966).

             oo a          f Jx, (ax) nJy(b x) ex dx

             o
                     2A ebVj (.)
           = a"+Z`+lr (y+1) .r (1-,e) F (CV'P'Y+1;b2/a2) , (3-s7-a)

   where .rxtz is the Bessel function ofK2-th order, Re(A)<l , Re(A+pt+v)>-1,

   a>b>o ,a= (a+gee+y+D /2 ,3== (A-xt+y+D /2 and F (cu,3,r; x) the hyper-

   geometric function defined by '
                                                                        '          F (ev,P,r;z)=-77(.iS-g?a?s;)(i}t) ).x=ooo r(,'n+("r)+i.")(B+n) .\,n, (3"s7-b)

        Spherical hamionics are evaluated at each scattering angle using the

   recurrence reiatlon as

Qin., = [[2g Illili l',, ii.Silil?',,] i/2 ' z ' Q'IL - (,,`i2M` ',,{'i lii,illMti,(ii--M.) ., ,,l '/2 ' Ql]9-, ,(3-58)

                                            '   whereQ7ZL(o)=yY(o,(p)e-iM(I' with initial conditions

   '                                    '             o                       1/2           Qo== (1/4rr) ' (3-59-a)
           Q?= (3/4T)i/2 cosO C3-59-b)
                                  '
                                                                '             -1                        1/2               =: (3/8rr)           Ql                          sinO (3-59-c)
                  '
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            QO= (s /4 z) '>6 (3 cos2 'e - i) /2

             2. ,
           Q-i= (is/s n) 'fesino•cos e
             2
             -2x           Q 2 = as/ 32 rr) ihsin2o
                                    '

which are derived from

                       '           Q'ZL= 2iil!(-sine)M(d/dco,o)l-ttm

   The flow chart and the list of program for

in Appendix 6.

(3-59-d)

(3-59-e)

(3-59-f)

          l
(cos 20- 1)
            .

the present calculation

(3-60)

 is shown

3-6. Results and Discussion

     The DWB calculations are performed for two form factors Fc and FM,

where Fc is obtained using the Coulomb approximated wave functions and )" Mjs
obtained from that used by Madison and Shelton (1973) with a slight modi-

fication (see Fig.3-2) which is performed to fit FM to analytical form for

convenience in computer calculation. Actual calculation shows that the
modification of this kind incurs little difference on calcUlated cross

section and spin polarization. The calculated results are shown in Figs.

                                         3-3 to 3-7 for electron impact

    tU 3 energies between 50 and 500 eV.
     x 7
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Fig.3-2. Form factor for mercury, ;
calculated using Coulomb approximated

wave functions, ---- used by Madison

and Shelton (1973) (calculated using

Hartree wave function) with a little
modification.

Each figure gives 1) a DWB cal-
culation using Fc, 2) a I]mu] cal-

culat ion us ing FM , 3) an elastic

scattering calculation of energy

,E] eV using atomic ground-state

potential, 4) an elastic scatter-

ing calculation of energy E-6.7

eV using atomic excited-state

potential and 5) experimental data

when available. Tlie experimental

data are that of Hanne et al.(1972),

Gronemeier (1970) and Yamazaki et

al. (1977-c).
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The elastic data of Gronemeier is normalized to
results at 0=800 (E=100 eV) and at 0=900 CEi300

partial waves estimated numerically ranged from

energy of 50 eV, to 43 at an incident electron
number of partial waves ranged from 125(141) to

the same energy regions.

 the present theoretical

 eV). The number of
 15 at an incident electron

energy of 500 eV. The total
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Fig.3-3. Spin polarization and differential cross section for

mercury at incident electron energy of 50 eV. ( : DWB cal-
culation for 6s6piP excitation using Fc, ----: DWB calculation
for 6s6piP excitation'' using FM,-- -----: elastic scattering

by ground-state atomic potential, .....: elastic scattering
by excited-state atomic potential, A: e)cperjJnental results

of spin polarization for 6iP excitation (Hame et al. 1972).
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 elastic scattering cross
 results at 0=800 and

6ip excitation cross section
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CA:e)rperimental results of polarization for 6iP excitation

(Hanne et al. 1972))
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 as Fig.3-3 except here the energy is 500 eV.

 spin polarization and cross section for elastic

excited-state atomic potential are neglected for

-79-



     Figures 3-3 to 3-7 show that the DWB calculation using FM gives a

differential cross section several tirnes larger than that using Fc .

As is seen in Fig.3-2, these differences originate from the remarkable

difference between the form factors. The atomic wave functions used to

calculate FM were determined by Madison and Shelton as the bound state

eigenfunction of the Hartree field, in order to assure the orthogonality

between the atomic and free-state wave functions, which reduces computing

time drastically if exchange scattering is taken into account• The atomic
wave functions obtained in this way spread over a broad radial region

causing overestimations of the differential and total cross sections.
Ctn the other hand, the atomic wave functions used to calculate Fc are

detemmined as the solution of the Coulomb field, having the same binding

energy as the actual one (see Sec.3-4), which provide differential and

total cross sections in close agreement with experiments. The extremum
points of the cross section calculated using Fc shift to higher scattering

angles at forward scattering in coixparison to that using FM throughout the

present calculations. In the case of Fc, the order of partial waves which

contribute prjJnarily to the T-matrix shifts lower as compared to FM, which

can be seen in Fig.3-2. This situation means that the ''effective impact

energy" in the case of Fc is smaller than that in the case ofFM for for-

ward scattering where higher order partial waves play important roles,
which results in shifts of the extremum points.

     A comparison to experiments is
discussed in Chapter 5.

     In regard to the total cross

section, the results obtained usmg

Fc agree well withMcConnell and

Moiseiwitsch, while the results using

FMare about 10 times greater than

those usingFc(see Fig.3-8).

Fig. 3-8. Total cross sections for
6iP excitation of mercury by elec-

tron impact calculated using DWB

approximation ( . ; Fc,------;

FM)' '
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CHAPTER 4, MEASUREMENT OF LOSS SPECTRA

4-1 Introduction

     Table 1-1 shows that a few experimental data exist concerning the loss
spectra of mercury at intermediate impact energies and at large scattering

angles. This situation is very surprising considering that the electron-

mercury system was one of the most popular and accessible, due to its large

scattering cross section and suitable vapour pressure at room temperature

with little influence on the gun heater in the early stages of scattering

experiments. A primary reasons for this may be deficiencies of the theoreti-
cal investigations. Theoretical treatrnents of inelastic scattering for heavy

elements have been very difficult because of the complexities of the atomic

structure and scattering process at intermediate energies. The recently
deyeloped high speed digital computer, however, makes it possible to treat

accurate and complex theories, as is given in Chapter 3. FurtheTmore, in

recent experiments on electron-mercury scattering at impact encrgies of
several hundreds of eV at forward scattering, it was found that the relative
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intensities between various excitation channels changed rapidly as a

function of scattering angles (OO to 70) (Skerbele and Lassettre 1972),

causing interest on the behaviour of the loss spectra at large scattering

angles. Fig.4-1.shows that transitions to P-state are strong in contrast

to the other transitions as is surmised in Sec.3-3.

     Also, from a practical viewpoint, knowledge concerning the differen-

tial cross section of inelastic scattering at large angles for mercury is

of basic inrportance for experimental arrangement of the ESP detector using

mercury vapour as a target. Ciptimum conditions of the ESP detector such as

impact energy, scattering angle and angular resolution, can be determined

by theoretical calculation of elastic differential scattering cross section

and spin polarization. However, the optiJnum condition of energy resolution

for the ESP detector can be estimated only by the cross section of inelastic

scattermg .

     This chapter aimed at obtaining the impact spectra for mercury at

intermediate energies and large scattering angles, which leads to better

understanding of the optinTum conditions for the ESP detector in practical

use as well.

4-2 Apparatus - Design and Performance

4-2-1 Vacuum System

     The apparatus used consists of

a primary beam source, a gas cell as

a collision chamber and 1270 cylindri-

cal type energy analyser system.

The loss spectra were measured by

scanning the deflecting voltage

of the analyser. An outer view of

the apparatus is shown in Fig.4-2 by

removing the top cover of the vacuum

chamber and the mercury reservoir.

Fig.4-3 shows cross sectional draw-

ings of the system. The vacuum

chamber is a 20 cm high cylinder and

40 cm in diameter, evacuated by a                                    Fig.4-2
600 Åí/s oil diffusion pump with moving
                                    energy

. Top view of the main chamber re-
the top covers of the chamber and
analyser.
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                Fjg.4-3. Cross section of the apparatus

a liquid nitrogen cooled baffle. The actual pumping speed is reduced to
about 100 k/s by the baffle and the connection tube to the chamber, which
provides a residual gas pressure of 10-7 Torr. Gas pressure increases to
loff5 Torr auring operation due to mercury vapour. [[he vacuum system is

sealed with Viton O-rings.
                                tt                                                             '     nie collision chamber at the center of the vacuum chamber, shown in

Fig.4-4, consists of two tight concentric cylinders. The outer cyclinder
 'Ci is static and the inner C2 rotatable. The inner cylinder is 40 mm high
                   '                  'and 18 mm of inner diameter. The collision chamber is pumped through four
                                          'apertures A2, A3, A4 and A'4 so that the incident and scattered electrons

may pass. The collision chamber provides a scattering angle from 500 to
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1300 by utilization of the two

apertures, A4 and A'4. The majority
parts in the chamber were made of

stainless steel to avoid aJnalgamat-•

ing with mercury vapour and an ex-

cessive magnetic field. However,

some parts are made of gold plated

copper to avoid charging-up effects.
     Tungsten ribbon @.025 xO.75 mm2)

was used as a cathode filarnent of

the electron gun, which provides an

electron beam current of 2-20 1-LA at

the accelerating energies of 300-2000

eV with a beam diameter of less than
3 mmÅë at a relative distance of 300

mrn from the electron gun.

     As can be seen in Fig.4-3, the

gun is mechanically adjustable from

outside the vacuum by means of three

screws. The beam can be additionally
adjusted by an electrostatic defector.

[Ihe electron beam current is stabilized

and accelerating energy ranges by

matically (see Sec.4-2-5). The gun
the main chamber through 3 mmÅë round
     -7        Torr to avoid instability5Å~10

er life time of the filarnent.

A2

controlling

  assembly

   slits

caused

A2

A3

 A4

 A4
C2

Cl

o
C2

Cl

             -             O 2cm

Fig.4-4. Cross section of the
collision chamber.

to about O.10-o for all beam current

      the filament current auto-

     is differentially pumped from

   by a 40 2/s ion pump to approx.

 by mercury vapour and to get long-

>= .

 Mercury        Vapour

    =
Etectron Gan

Fig.4-5.

Al A2

4t "t'
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v

A4

      As
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slit).
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M7- 5
     A7

Scattering geometry
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      The scattering geometry is shown in Fig.4-5. Apertures Ai, A2 and A3

 are round and have diameter of 3,2 and 3 mm respectively, while Ak, As, A6
 and A7 are rectangular, A4 is O.7 Å~5 mm2 and the slit widths of As, A6 and

 A7 vary from O.1 to 3 mm with 5 mm height and set usually at O.1 mm.

 The rectangular slits were adopted to obtain a high scattering intensity
 even in high arigular resolution experiments. The distance between A" and
 As was usually set at 50 mm, so the angular resolution Ae is ==10.

      The scattering angle 0 is defined as the angle formed by the line

 through the centers of the collimating apertures (Ai and A2) for the in-

 cident beam, and the line through the centers of the acceptance apertures

 at the collision chamber and in front of the decelerating asymmetric lens.

 It was estimated that the reproducibility of the scattering angle was Å}O.SO

                                      and the shift from the true scatter-

                                      ing angle was less than Å}20, taking

                                      into account the residual magnetic

                                      ft'eld as well. The mercury vapour
{Torr)

io' is produced inamercury bath which
                                      is automatically controlled to main-

        Hg-vapour-pressure tain a COnStant temperature of about
                                      600C resulting in vapour pressure ==

                                      10 Torr (see Fig.4-6), and is led
                                      to the collision chamber by a pyrex
                                      tube whose temperature is higher than

io-' the mercury bath's to prevent con-
                                      diensation. All the heaters used are
                                      wound so as to be inductionless.

1d2

                                        4-2-2. Magnetic Field

  o so ioo iso {ec) Charged particles inamagnetic
                                      field B make a circular motion of
                                                              '                                      radius r '
 Fig.4-6. Relation of Hg vapour

 pressure to terrrperature

 (weast ig72). . T =:: tstilqliiiilB: , (4-i)
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where m is the mass of the charged particles, E the kinetic energy and q
the charge of the particles, Then, the shift ]Xof the charged particles

is expressed as

                 •. x2 qBx2 . .             AX == 2T=2NE'hii- (4-2)
                                    '
   '                                          '
where x is the path length of the electron beam (see Fig.4-7). To make
the angular shift smaller than the angular resolution dO, the terrestrial

                                       magnetic field Bt should be reduced

                                       to

                                             Bt s. 2yEIillii.IIIti0 . c4--3)

                  r

                                                               '

     e' Fx.i X Using equation C4-3), the maximkmi
                                       residual magnetic field allowed in

           . the present experiments is shown in
                                       Fig.4-8 for two path lengths.
   Fig.4-7. Relation between path The magnetic field is corrected by
   length x and shifted distancedx a Helmholz coil of 150 cm diameter
   of electron in magnetic field. and 40 cm height.

                                         '

                                       t=50cm                 IMOGO

                                               t=10cm

                  10

                                  '
                  1                   lo loo 1ooo 1oooo(ev)
                                                   '
        Fig.4-8. The maxirrrum residual magnetic field allowable

        in the present experiments.
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4-2-3 Energy Analyzer

     The energy analyser

is composed of a de-

celeratlng asymmetrlc

three-slit lens, cylind-

rical 127e sector-type

analyser and electron

multiplier, as is shown

m .Figs.4-9 and 4-10.

Nl gaps of the case of
the energy analyser are

sealed except for the

slits, in order to pre-

vent the secondary or

backscattered electrons

from straying into the

electron rrrultiplier.

A

A6

A5

      O 5cm
Fig.4-9. Cross section of the energy analyser

composed of three-slit asymetric lens, 1270

sector type analyser and electron multiplier.

Fig.4-10. 0uter view

and front covers (a),

side covers (b).

of

and

'i'  gEig, if

ew
  ::,pa.h.,e

1•atg'
.'

swW..eltopt'ts••i"

the energy analyser removing the top

 sector-type 1270 analyser removing

eq

"
tw

the
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An asymmetric three-slit lens is used to assure high energy resolution at

rather high incident energies. The deflector plates are located behind
this lens system for correction of the electron path.

     The construction of the three-slit lens system was determined using

the results calculated for the asymmetric three-aperture lens system by

Read (1970,1971). The lens system studied by Read is shown in Fig.4-11,
and the relationship between v2/vland V31Vl is shown in Fig.4-12, where Vl,

  V2 and V3 are the lens potential of the entrance, mediate and exit
electrodes, measured with respect to the potential at which the electrons
have zero kinetic energy. It can be seen that two focusjng conditions

generally exist and that the ratio of acceleration (deceleration) has an

upper (lower) limit corresponding to the construction of the lens system.

As there are no theoretical or experimental investigations for an asyn-

metric three-slit !ens system, the focusing conditioRs were exainined ex-
perimeBtally (see Fig.4-13) e The defleCting voltage is swept sinusoidally

from positive to negative values in order to sweep the image across the

aperture in front of the Faraday cup (F.C.), arLd then the current to the

e•-

-./v

yx'F.C.

-H-
1l

.v

r

Gu--n`;tLElfi l-•--

  bs

Fig.4-13. Schematic diagram of the electric circuit for
the investigation of the focusing condition of the asym-

metric three-slit lens.
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Faraday cup goes from zero, to its maximum, and back to zero again.

The shape of the curve of current measured with a Faraday cup against

deflector voltage is displayed on an oscilloscope screen, The focusing

condition is det.ermined from the curve obtained in this way as conditions

that provide the most high and narrow peak. The results are shown in
Fig.4-14 where the dotted line shows that the theoretical results for the
                                      asymmetric three-aperture lens hav--

                                      ing a similar construction to the

                                      slit lens used in the present experi-

                                     ments. (Read 1970). '
                                          The outer and inner radius of

                                      the sector ana!yser are 30 and 20

       i.o MM, respectively, and the height is
                                      50 mm. As the width of slit As, A6
                                      and A7 is set at about O.1 mm, this

   ).i<pos"f},.- ilgl2ili[i;P/.'//V.Elgillll{T}i:zAi:r;t,.gYgoifil8h-ereE

                "--"-.-.-.-.----' slit of the sector analyser, AE

       Oo e.s to energy resolution, Tcentral radius
                 ve/v, Of the slit of the analyser, and Ar
                                     width of the                                                  slit                                                       of the analyser, and

                                     the value is confirmed experimentally
                                     by the FVNHM of the elastic scattering
Fig.4-14. Focusing condition of the
                                     peak (see Fig.4-22).
three-slit lens for V =300 eV (O) The sector is coated with soot
and 500 eV(Å~). (Dashed 1ine shows
                                     produced by burning liquid benzene,
theoretical results for an asym-
                                     to minimize the generation of second-
metric three-aperture lenS haVing ary electrons. '
srmilar construction as the three-
slit lens (Read 1970).

4-2•-4 Detector

     The energy analysed scattered electrons are detected by a channeltron

electron multiplier (Mirata Co., Ceratron TypeEMW-1081E, see Fig.4-10)

with an acceptance cone. The multiplier pulses are inductively coupled
frorn the analysing system at a high voltage potential into a pre-amplifier
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ensure a pulse height resolution maximum, which is defined as the ratio

between the mean value of pulse height and the FWHM of P.H.D. (see Fig.4-15)

     As is seen in Fig.4-16, the P.H.D. of the multiplier depends slightly
on the count ratio if it is less than 10 4 c/s. During the present experi-

ments this condition was always satisfied.

     The multiplier efficiency is not uniform over the entrance plane.

For example, if an electron enters along the channel axis, it may penetrate

quite a distance into the multiplier before releasing secondary electrons

resulting in a lessened gain. Thus, it was always set off-axis from electron

path to attain a higher pulse height. The dark current of the multiplier
is less than O.1 pulse per minute.

4-2-5

    A
system

Measurement System

schematic diagram of the electric circuit used in the analysing

is shown in Fig.4-17.

ELECTFK)N GUs}

    n    -J --- -

CERATRON

LENS

:

sfK

all

--• l •O-2kV`
i[•

fi ll

    A
 A6 '/7
 .-'

A7
INPUT fu

CH.Aew• M.c.S.

          '4-li4-i owegg•.

          ' il;
ZSCANNER

Fig.4-17. Electric circuit of the analyser system for measurements of

loss spectra.
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     The loss spectra were obtained by scanning the potential of the

sector and the lens, to obtain the best fit for the focusing condition.

[I3}ese potentials varied synchronously with the channel advance signal of

the multi-channel-scaler (MCS) as is shown in Fig.4-17 (Ino-Tech TI-5200).

     The whole electric circuit has a stability of about O.OIO-o. The

primary electron beam current is stabilized by monitoring the current to
the Faraday cup (see Fig.4-18). The monitored current using this circuit

      Gun F.C,                                                           -
ryT

t/l
i

-i-

k.

   --)

k(x
                  --'n
                     I          l          : rlp-N s
          Å},l                   L          -- L' t-J

                 th,.•
         Photo CeupLer

Fig.4-18 Schematic diagram
beam current stabilized '

is shown in Mg,4-l9,
the current obtained using a
current stab' ilized circuit.

shown in Fig.4-20, the MCS
is com.oosed of a 1 ptaHz

counters, photo-couplers and

D-A converters CI024 steps).

serves the dwell time of 10

sec for each channel, and

ning may be started or

every 64 steps. The sector
tial is swept linearly with

to the MSC scanner output,

the lens potential should be

non-1inearly as can be seen

Fig.4-14. To simulate the
a non-1inear amplifier was
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7I7X

. Schematic diagram of lens

contro1ler.

structed (see Fig.4-21). As the

sweeping voltage of the sector poten-
tial is small compared to the sector

potential itself, one would expect

the circuit shown in Fig.4-21 to

provide good results.

                tVo

                i

        xx.
v

4-3. Results and Discussion

4-3-1 Calibration

     An example of the measured results of the loss spectra is shown in

Fig.4-22 (E=300 eV,O=6eO). Many peaks corresponding to various excitation
processes can be observed, i.e. the excitations for (6s)(6p)3P (4.9 eV),

(6s)(6p)iP (6.7 eV), (6s)(7s)'S (7.9 eV),(5d)9(6s)2(6p)iP (9.8 eV) and (5d)9

(6s)2(6p)3P (11.0 eV) states.

     The background is estimated as the average nurnber of electrons count-

ed at each channel of the M.C.S. corresponding to loss energies between 2

and 4 eV, for the lowest excited state of mercury atom exists at 4.9 eV

above the ground state.

     The relative transmission efficiency a of the analysing system was

detennined by measuring the scattering intensity of elastic electrons by

varying the incident energies from E to E-dE. The standard transmission
efficiency cts was determined for each incident energy at the scattering

angle where the differential cross section of an elastic scattering remains

almost constant for both the variation of the incident energy and scatter-

ing angle (e.g. 300 eV 1000, 400 eV 900 etc, see Figs.2-5 to 2-7. The

relative transmission efficiency cu was measured for each incident energy
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          Fig.4-22. Example of the measured results of the loss

          spectra(E=300 eV and0=600)

and scattering angle, the profiles of which werecomparedto ats to assure

a correct position for the analyser. Using the transmission efficiencies
thus obtained, the ratio of the elastic and inelastic scattering cross

section was determined correctly for each incident energy and scattering

ang1e.

4•-3-2 Loss Spectra

     Fig.4-24 show the electron impact spectra for mercury corresponding

to the incident electron energies from 300 eV to 1000 eV, scattering angles

from 50a to 110e and loss energies from O eV to 15 eV. Elastic peaks are

abbreviated for simplicity. Each spectrum shown in Fig.4-23 is obtained
from the measured results (an exaixple is shown im Fig.4-22) through the

following procedures; 1) Transmission efficiency a was measured and compar-
ed withas.2) The ratio between the background and the peak counts of 6iP

excitation was established to be less than 10 O-o (usually the ratio was less

than 50i,), otherwise the data was omitted. 3) The background was subtracted

from each channel intensity and then the intensiPy of each channel was

corrected by the transmission efficiency a. 4) The loss spectra were nor-

malized b>r rhe elastic scattering intensity. Finally, the data thus obtain-
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ed which correspond to the same conditions as to iurpact energy and scatter-

ing angle were sumed up and averaged to reduce the statistical deviation.
     Concerning the ratio between 6iP excitation and elastic scattering, it

was estimated that error was less than 20 -Oo including statistical error

and the error induced by both the background and variation of transmission

efficiencies. During measurement, the actual energy resolution was varied

from O.7 eV to 1.8 eV(FWHM) by controlling the electron energy entering
the sector analyser in accordance with impact energy increases from 300 eV

to 1000 eV. As has already been pointed out in Sec.2-4, the profiles of
the theoretically calculated cross section of the elastic scattering agree

well with experimental results, except that the extremum points of the cal-

culated cross sections shift slightly to scattering angles smaller than

the experimental(Walker 1969). Therefore, in Fig.4-23, the calculated re-

sults of the elastic scattering cross section, shown in Fig.2-5 are used

instead of the experjmental ones to avoid iJnaccuracles stemmlng from dif-
i,•pt iÅíul,ties of measurÅ}ni g absolu'te :i;r, ansmission / fficienc>r tttex' ',farious scattein'k-'-

ing di).gles. Coitcernj.ng t•he. absolute val'ues of -i'ne cr.oss secJtr.iori, t,he

compar- i•son b-eUv'ee.n- tuhe exper. Å}mental tlata and the calculated results s}itows

that the latter is about 1.5 times larger than the former at scattering

angles larger thari 300 (see Sec.2-4), Thus the absolute va!ues of the in-

elastic scattering cross section obtained from Mg.4-23 provides onl>r the

coarse evaluation which are probably a few tjmes Iarger than the true

     Two inelastic peaks corresponding to 6iP((Sd)iO(6s)(6p)) and 6p'3p

C(Sd)9(6s)2(6p)) excitations (6.7 eV and 11.0 eV energy losses respective-

ly), appeared clearly in every spectnm, as is shown in Fig.4-23. These

were also reported in a forward scattering e.x!.)eriment h-y Skerbele and

Lassettre (1972). Fig.4-23 also shows that each elastic scattering in-
tensity varies 2 or 3 orders of magnitude as a function of scattering angle,
while the ratio between inelastic and elastic intensities remains in the

same order of magnitude (a few percent) for dominant inelastic scatterings.

Hence these oscillatory features, which are remarkable for elastic scatter-

ing in these energy regions, also appear in each dominant inelastic scatter-

ing, although they become smoother than that for elastic scattering.
' Fig.4-24 shows the ratio of intensity between 6iP excitation and

elastic scattering. That for 300 eV electrons agrees well with the results
reported by Gronemeier (1970) (see Fig.3-6).

     At other inelastic channels, in the inrpact energies between 300 eV '
          '
                                                            '
               '
                   '                                              '                                                                     '                                                               '                                 -97-
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and 500 eV, 7]S(7.9 eV) and 6p'iP(9.8 eV) excitations were observed at

shoulders of 6iP and 6p'3P peaks. The intensity of the strictly forbidden
7iS excitation was larger than that of the 63P (4.9 eV) excitation (allow-

ed due to spin-orbit coupling), however at forward scattering the latter
was much larger than the former. The intensity ratio of 63P and 6iP was
equal to or less than NIQ-2 at the incident energy of 300 eV, and at high-

er impact energies 63P excitation was no longer observed because of a 1ov-

er scattering intensity. The 7iP excitation, the intensity of which was

larger than that of 7iS excitation at forward scattering, was rarely ob-

served in the present experiment. For the ionization channels, particular-
ly loss energy of more than about 13 eV, it seems that the variation of

the intensity ratio in regard to scattering angles was not as clear as that

of the excitation scattering to discrete levels.
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CHAPTER 5, 6iP EXCITATION ---- COMPARISON OF THEORY AND
              EXPERIMENT

5-•1 Introduction,

     In this chapter the theoretical and experimental results will be com-

pared. It was found that the DWB approximation provides results in close

agreement with experiments. Moreover, in regard to spin polarization, the

DWB approximation predict a new phenomena at an electron impact energy

greater than 300 eV.

     As has already been discussed in Sec.4-3-2, the differential cross

section of 6iP excitation shows oscillatory features. This may be explain-

ed qualitatively by the following processes; the incident electron under-
goes the inelastic process at a small angle followed by large angle elastic

process, or vice versa, since the inelastic scattering cross section is very

large at only forward scattering. Since this model breaks down the in-

elastic scatteriing into two elementary processes including the elastic pro-

cess, the oscillatory features appearing in the inelastic scattering may be

attributed to the elastic process. Futhermore, if one takes into account

that the jnelastics scattering at forward scattering is confined almost to

optically allowed transitions, this model may also explain the dominance of
the 6iP excitation. Concrete theoretical treatment of this model is embodi-

ed by DWB approximation in Sec.3-2.
                          '
           tt

5•-2 Comparison of Theory and Experiment

Figs.3-4, 3-6 and 3-7 show that the cross sections calculated using F                                                                          pro-                                                                        C
vide values that agree well with the experimental data for each incident ener-

gy. However, concerning the profiles, the cross sections using FM give

results superior to those using Fc. These results suggest that the actual
form factor has a profile similar to FM and a value similar to Fc.

This means that 1) the actual atomic field effectively acting on a 6s or

6p electron may be weak compared to the field of the Coulomb approximation,

which may result in spreading of the atomic electrons over wide radial region

and may originate from exchange effect and mutual shielding (see Fig.3-1),

2) the actual radial wave functions Roo and Rlo (see equations (3-31) and
(3-33)) may be much more isolated from each other than those used in FM.

This results in the reduction of the value of (Rlo,Roo) appearing in the
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form factor having the form (see equations (3-34) and (3-35))

             v o i = (83Z)Y2 (R i o , R o o) (R i i I F i l R o o) ,
(5-1)

with
(R 1 1 I "F' 1 l Ro o) == ';t'7,fo ;i 1 1Ro oTi dT 1+T ./R]T [l' 1Ro odT1 . (5-2)

     Concerning the spin polarization, as is seen in Figs.5-1 and

calculations using FM provide results in closer agreement to the

5-2 the

exper]men-

ts
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tal results than that using Fc , as would be expected from the profiles of

the cross section CNote that spin polarization depends not on values of cross
section but on profiles of cross section. See e.g. equations (2-42),C3-Sl)

or (7-3)). Howgver, it should be mentioned that the experimental results of

spin polarizati6n for 6iP excitation are best expressed by the calculation

                 10
                                 '                                     '                               3goiv :,x,,
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Fig.5-2. Same as Fig.5-1 except here the energies are 300 and 500 eV
(Note that shaxp peaks of the spin polarization appearing in the elastic

scattering at the scattering angle of about 750 (300 eV) and 700 (500 eV),
disappear in 6iP excitation scattering.).

                                  '
                                             '                 'for elastic scattering in the present calculation. This is not the case for
the calculation by Madison and Shelton (1973). They obtained results in

clpse agreement to experimental results for incident energies between 50 and

180 eV(see Fig.5-3). It is thought that this is primarily a result of the

difference in form factor'used (as is seen from Fig.3-2, the profiles of I7
                                                                         M
are simplified for convenience in the present calculation).

     Although the spin polarization for incident energy of 100 eV had not
been rneasured until presently, the profiles given in Fig. 5-1 are thought to

be reasonable and conceivable considering that the experimental results of
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spin polarization for 6iP excitation were most like that of elastic scatter-

ing. However, for incident energy of 300 eV and 500 eV, it is notable that
the sharp peaks of the spin polarization appearing in the elastic cases at

the scattering angle of about 750 and 70e, respectively, disappear in cal-
culations of 6iP excitations using bothFc andFM(see Fig.5-2). For 6iP

excitation scattering and incident electron energy over 180 eV, because no

experimental data on spin polarization have been reported until currently
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Fig, S-3. Spin polarization for 6iP excitation scattering at incident

energies of 50 and 180 eV calculated by Madison and Shekon C1973) using
DWB approximation for Player's potential (solid line, 1957), Coulthar(l's

potential Cdashed line, 1967) and experimental data by Eitel and Kessler
C1970).

it is uncertain as to whether the drastic departure of spin polarization
between the elastic and 6iP excitation scattering means new phenomena or a

breakdown of the DWB approximation. However, generally speaking, the DWB
approximation provides better results at higher incident energies where a

large numb.g.r of partial waves contribute to forward scattering, most of

which have nearly zero polarization, thus the reduction of the spin polar-
                                             'ization is thought to be reasonable. '

 . Further measurements of spin polarization in these energy regions
would be highly desirable.
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PART II, ESP-DETECTOR USING MERCURY VAPOUR

CHAPTER 6, INTRODUCTION
                                         '                     '               !•                '     Currently, ESP experiments are being carried out by several groups in

various regions of physics. These ESP experiments except for that listed
in Tables 1-1 and 1-2 are summarized in Table 6-1 classifying into 5 groups,

i.e. 1) the group entitled "Field Emission'' treating ESP experiments or

theories of field emitted electron beam usually from ferromagnetic materials

2) the group "Photo Emission (solid)'' treating those of photo electrons

from ferromagnetic materials or of photo electrons from solid excited by

circularly polarized light, 3) the group "LEED" treating those of diffract-

ed electron beam in low energy electron diffraction, 4) the group "Photo

Emission (vapour)" treating those of photo electrons from polarized atomic

beam or photo electrons excited by circularly polarized light frorn unpolar-

ized atomic beam and 5) the group "Others". In these experiments, spin

polarization is usually detected using scattering of polarized electron beam

with heavy atoms (Au-foil or Hg-vapour), the efficiency of which is equal
to or less than 10-5 (The principle of the detector is given in Chapter 7.).

It should be noted that the value is quite srnall compared with that of light

     A siixple question arises as to whether or not a usual magnetometer can

detect a direction of electron spin. Incapability of detecting electron
spin with macroscopic magnetometer

is qualitatively described in Appen- •

dix 2 according to Mott's considera- . <> ssD
S.i:gT:•:g•ilEhgigzz.:'"::2:bAlt%-O` .- -,,s.vXi.-"g:tgLL ,.,'

                                                 <ii>e`'!1,I,scopic magnetic field.

     Since the first measurement of

spin polarization using double
                                                         ilil chqnneitron
scattering by gold thin film at 340

keV CShull et al. 1943), the detec- 1
tion of electron spin in high energy e- -3oo ev .ppH =Y!;R9Y!r (b)

electrons is usually performed using

scattering with gold thin film,

which is called Mott detector (see

Fig.6-1). Ctri the other hand, the

first ESP measurement for low energy

electrons was performed using

Fig.6-1

tector
or) and

. Schematic

uszng
 (b)

       es

       l

       Ssc( channeltrOn

        diagram of

 (a) Au-foil (Mott

Hg-vapour.

'

.

ESP de-

detect-

. 104



mercury vapour (Deichsel 1961). The ESP detector of this type is widely

used for various ESP experiments such as e -rare gas elastic scattering
and e'  -Ne resonance scattering. Mott detector was first used by
 Jost and Kessler (1965, 1966) for low energy experiments. Schematic dia-

 grams of these two types of ESP detector are shown in Fig.6-1. Because of

 a high efficiency and ease of treatment in a high vacuum, the Mott detect-
 or has been widely used not only in atomic physics but also in surface phy-
 sics, where ultra-high-vacuum ao-iO •- lo-ii Torr) is necessary. However,

 it should be noted that a Mott detector which uses high energy electrons
 C-100keV) is not suitable for the experiments of low and mediate energy

regions in which major ESP experiments concentrate. Hence the present
study attempts to develop an ESP detector suitable for low and mediate

energy regions utilizing the electron-mercury scattering, which can also

be used as a source of polarized electrons for e.g. surface physics study
 (see Sec.8-3).

     OptÅ}iiium conditions of ESP detector using mercury vapour are discuss-

ed and determined systematically in Chapter 7 using the results in

Chapter 2, 3, 4 and 5. In Chapter 8, ESP detector and apparatus for
double scattering experiments constructed according to the line shown in

Chapter 7 is described. Also described in this chapter is high beam
current Pierce type electron gun using single LaB6 crystal as a cathode

 for double scattering experiments.

                                          '
     Another possibilities of detecting electron spin are proposed by
 several authors (Tolhoek 1956, Feder 1975):

     1) Measurement of the spin arigular momentiJup. carrieA- by electrons

with longitudinal polarization in a mechanical way.. This may be realized

by measuring a torque of a suspended disk where polarized electrons are
 falling CA kind of Einstein-de-Haas effect).

     2) Measurement of the polarization of emitted light from an atom

which is excited by polarized electrons.

     3) Measurement of intensity asyrnmetry of diffracted beams in LEED

 (low energy electron diffraction) experjJnents. The principle is like that

of a Mott detector and a detector using mercury vapour as scatterer.

The methods of 2) and 3) may be more practical than that of 1).
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       Gd (polycrystal)

       Gd
      Ni(single)

      EuS-coated W
      W(single)
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      Effect due to external
       field
      Ni(single)

      EuS coated W
       Fe,Ni,Co,rare-earth metal

      Ni(100)
      W(OOI) with adatom

Emission (Solid)
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EuO(1OO)
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CHAPTER 7, OPTItVIUM CONDITIONS OF THE ESP DETECTOR

7-1. Introduction

     The ESP detector constructed by Deichsel (1961) is shown in Fig.7-l.

It consists of a mercury reservoir, two sector type energy analysers and

two electron multipliers. This was used to investigate the spin polar-

ization of the electrons elastically scattered by the mercury atom.
The energy resolution was set at lesS than 4.9 eV, the lowest excitation

energy of mercury corresponding to 63P excitation. The scattering angle

and aiigular resolution were set at 900 and 60 respectively. However, the
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theoretical basis for the$e values was not shown With the exception of the
                                          'energy resolution for the ESP detector. '
     Gronemeier (1970) measured the 6iP excitation scattering, which is

usually the most dominant inelastic process in electron-mercury scatter-
ing for electron impact energies between 20 and 300 eV and Yamazaki et al.

(1977c) measured the loss spectra of mercury atom for electron iirrpact
energies between 300 and 1000 eV (see Secs. 3-6 and 4-3-2). The results
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show that these inelastic electrons have little influence on the deter-

mination of the spin polarization when used in hundreds eV energy regions.

     In this chapter, optiinum conditions of the ESP detector using e-

lectron-mercury scattering are systematically studied and a high efficient

ESP detector of simple construction is proposed.

7-2. Determination ofE, 0 and ]0

     From equation (2-45), we can see that transverse spin polarization of

electrons (i.e. spin polarization perpendicular to the scattering plane

which is described by primary beam and direction of observation) can be

analyzed by the scattering asymmetry. Substituting 0=o and n, and P=
(O,P,O) in equation (2-45), we obtain

              aL= ao (1+SP) (7-1)

              aR= ao (1-SP), (7-2)
respectively (see Fig.7-2-a). Equations (7-1) and (7-2) lead to

             NR/NL= (1-PS)/(1+PS), (7-3)

Where NR (L) =Nin•NHg OR(L) ds2, Ninis the number of incident electrons
per unit area,Nffg the number of mercury atom in collision volume, anddS2

the acceptance solid angle of electron detector. Thus, we can determine

the polarization of incident electrons by measuring the ratio of left-

right asymrnetry NR/NL .

     Fig.7-2-b shows the differential cross section for a totally polariz-

ed incident electron beam of 300 eV. It seems that the grater the absolute

value of the Sherman function, the greater the detectability of spin polar-

Vation becomes. However, from a practical point of view it should be
noted that in these energy and angular regions, the differential cross

section becomes extremely small, so the efficiency of the detector is re-

duced. Moreover, the Sherman function S in these regions is in general

rapidly varying for both the scattering angle and the impact energ>r (see

Figs.7-3 to 7-6). This makes it difficult to estimate the Sherrnan function

both theoretically and experj"ientally. The theoretical value of Sherman

function differs considerably from the experimental one in these regions.
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.Furthermore, exl]erimentally• determiined Sherfiian fLmction in

depends strongly on the accuracy of the scattering angle and
resoli.-,tion of the $ystem.

     To determine the best condition of the ESP detector

from these various parameters, first, the statistical error of

polarization is estimated from equation (7-3) as

     `d PTeg = (2N)i/2'dP/ptNt ((ap2s2)M1"a-1l 1/2

Caiculating the right hand side of equation (7-4) and taking '

both the differential cross section and ESP we can estimate

regions for the energy, scattering angle and angular

for the detector. Examples of the results are shown in

together with the cross section and spin polarization. The
summarized in Fig.7-7 for cases of the two different angular

                    '
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  These results show that the optimum conditions do not concentrate around

  extremum points of Sherman function, but exist around 1) 300 eV, 900,

  2) 400 eV, 700, 3) 600 eV, 1200 and 4) 1000 eV, 900. In these energy
  and angular regions, particularly at 300 eV, both the cross section and

  Sherman function are slowly changing functions with respect to scatter-

  ing angle, so it is concluded that high angular resolution and high ac-

  curacy of angular setting are not necessary for the ESP detector to achieve

  high ESP resolution.

     Other important points are 1) the Sherman function necessary for deter-

mination of polarization has nearly the same value for several theoretical

calculations and experiments in these energy and angular regions, so the

accurate Sherman function can be easily obtained both theoretically and

e)rperimentally, 2) slN ratio may increase because of high scattering in-

tenslty.

     It was concluded that an electron energy of 300 eV and a scattering

angle of about 950 is the best condition for the optinrum operation of the

ESP detector in the hundreds eV energy regions.

     As can be seen in equation (7-3), the left-right asymmetry remains

constant over the region of scattering angle where Sherman function S re-
mains constant. From equation (7-3), for the angular resolution ofAO, the
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observed spin polarization Pobs is expressed as

            p,bs/p= 1+ (g O4) 2( -gl" + 2oo si s') . (7-s)

where S'= Os/OO , ot=0a/OO and S"== 02 S/OO2

From equation (7-5), the error caused by the variation of the Sherman

function in the angular range of 900 to 1050 for incident energy of 300 eV

is estimated to be less than about 10-o.

     The number of doubly scattered electrons N2 may be roughly estimated

             N2(ev) =Al,.NH2gfa (0)O (a-0)dO . (7-6)

where cv and 0 are the final and intermediate scattering angle respectively.
Equation (7-6) shows that ratio of
double scattering to single scattering

is proportional to mercury vapour den-

sity, so m general sufficiently low
density of mercury vapour is required

for precise measurement of spin

polarization (W. Eitel et al. 1968).

Fig.7-8 shows o(0)a(cr-") as a func-
tion of 0 for ev = 950 and 750. It

shows that for ev = 950 , the probability
of the double scattering is dominant

only nearOnvOO or 950. A polarization
Pof incident electron is transformed
to Ps after scattering according to
the equation (2-48). Equation C2-48)
shows that at forward scattering,

imtial polarization p is conserved
during scattering, becauseS-v U 'vO
and T .-v 1 at forward scattering

as is seen from Figs.7-9 and 2-9.
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function originating
ction at 0 =650 and

section is desirable

= 1). This affects little on the determination of

It is not the case at CV =75e where an effective Sherman

 from double scattering is modified by the Sherman fun-

850. It is concluded that the region of large cross

 to make the affect of double scattering relatively less.

7-3

IS

IS

. Determination of AE

  In this section, the energy

investigated. From equation

expressed as

resolution

(7-3), the

 necessary for an ESP detector

observed spin polarization P
                           obs
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         Pobs•S = (NR-NL+nR-nL) / (N+n)

             ' = P'S 'I 1-S inel/S) n/Ni, (7-7)

where nR (L) is the number of inelastically scattered electrons to the

right (left) side,Sinel the Sherman function of inelastically scattered

                                    '

                N= NR+NL (7-8-a)
                n= nR+nL
                                                                     (7-8-b)

From equation (7-7), ifrFine.l=O, i.e, inelastically scattered electrons

are not polarl zed, the error induced by 'Lhese electrons is estiJnated to be

n/N ,'the ratio of inelastic electrons to elastic ofies.

     ts was e.xperimentally investigated ini Chap"L-er. 4, the r, ati-cn/Nfcr a

lo.im-ei]reds eV elect' :.ror! remains J,v':•t] in a few percent (see Fig.4-24). It in-

creases when,! elastic cross section decrease. Thls implies that the error

indnced by inelastic electrons can be reduced if we adopt a condition where

"the elastic cross section is large.

     Moreover, as laras experiinentally investigated by f'•tt•aniie et al. (1972),

inelastically .sc-attver.ed electrons corresponding to 6]/1.; )md 6p'3P excitatforis

are polarized 'to soi-e ex.tent and show the silliilar protr'i'les of spin polariz-
au' on to elasticall-y scattex'ed.+ electrons Csee Hg.7-1,O). These facts suggest

that the error originating from inelastic scattering ca2n be less thari n/N

Csee equation 7-7).
     It ts concluded that the energy resolution of N 13 eV (6.7 eVx2) or

more may not cause significant error (less than 20-o see Fig.4-24) in the

ESP detecVor, particularly at region near the maximum points of cross

sectlon.

7--4. Conclusion

     The optirnum condition proposed in this chapter is of practical im-

portance for reducing umecessary labor in both the construction of the
ESP detector and precise measurement of spin polarization. From the dis-

cussions developed in Secs. 7-2 and 7-3, it is concluded that

- 117 -



               Etv 3oo eV
                                                                        C7-9)
              ]Ecy. 13 eV

                0tv 95O

              aotv 1so

may give the best condition for the ESP detector. Advantages of the con-

dition are summarized as follows;
     1) In this region , the Sheman function can be dete]rmined accurately.

     2) The high accuracy of angular setting is not necessary, which re-

sults in simple construction of the ESP detector.

     3) A large acceptance angle is allowable which results in high ef-

ficiency of the ESP detector.

     4) The scattering cross section is large which results in better S/N

ratlo.

      5) The ratio of inelastic to elastic scattering cross section is

small which results in high efficiency and sinrple construction of the ESP

detector.

     6) The affect of multiple scattering is small which allows high density

mercury vapour so results in high efficiency of the ESP detector.
For this condition and the mercury density of loi5/cm3 (corresponding to
                              -2the vapour pressure of rv3Å~10 Torr), the efficiencya                                                              of the ESP                              -6 .eff
                                 whereanalyser amount to approx. 10

              aeff = se 3f . i/io , (7-lo)
                                                                  '

Seff is an effective Sherman function andI/Jo the intensity ratio of
scattered to incident electrons. Equation (7-10) is derived from equation

(7-4) taking into account the usual experimental condition of S.P<< 1.
A common Mott detector provides an efficiency of approx. Io-5 (see e.g.

Kessler 1976) which is about one order larger than the value now obtained.

However, the ESP detector using mercury has various advantages, primarily

1) electrons need not be accerelated to energies as high as 100 keV, which

results in simple construction and easy operation of ESP detector, 2) this

detector can also be used as a polarized electron source (see Chapter 8).
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CHAPTER 8, DOUBLE SCATTERING EXPERIMENT

8-1 Introduction

     The optimum conditions of the ESP detector have been systematically

determined in Chapter 7. In this chapter, the apparatus for double scatter-
ing experiments will be described (see Fig.8-1).

     The first and second scattering is for production and detection of

polarization, respectively. The arrangement of the ESP detector, the

                                    second scattering, is dete]rmined according

  L)U 'shown in 7. Asa
pt
  . I OIEIii,l
9#tG/p...)Spt

51

A

Fjg.8-1. Schematic diagram
double scattering experiment

mercury vapour.

'

of the

for

to the lme Chapter
standard polarized electron beam source,

electron-mercury elastic scattering is

used, because the spin polarization in

the electron mercury elastic scattering

has been investiga'ted in detail by several

authors (see Tables 1-1 and 1-2). Since
the intensity of an electron beam after

double scattering is extremely weak, a

Pierce-type electron gun of high intensity

was constructed using a single crystal LaB6
cathode.

8--2. Apparatus -- Design and Performance

8-2-1. Constw, ucti en

     The apparatus consists of an e!ectron beam source, a first vacuum

chamber as an electron spin polarizer and a second vacuuin chamber as an ESP

detector. An outer view of the apparatus shown in Fig.8-2 removing the

top cover of the vacuum chamber. Fig. 8-3 shows cross sectional drawings
of the system. The scattering angle at the first chamber is set at -1000
where highly polarized electrons are provided at E -- 8SO eV (see Fig.2-5).

Fig.8-4 shows the block diagram of the vacuum systern.
 '     The first vacuum chamber is a 20 cm high cylinder of 12.4 cm inner

diaineter puixped by a 120 Åí/s oil diffusion pump evacuating the system to

                           -5 -5residual gas pressure of 10 Torr, but the pressure increases to 5Å~10

Torr during operation due to mercury vapour. The gun part is differential-
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ly purirped by a 600 2/s oil diffusion punrp which provides a residual gas
                  -6pressure of N5Å~10 Torr. In the center of the second charnber, a collision

chamber is set which is also used as the mercury reservoir and the Faraday

cup from monitoring the primary electron beam current. The density of the

mercury vapour is controlled by the inductionless heater wound around the

Fig.8-2. Top view of the apparatus for the double scattering removing the

top cover of both lst and 2nd chambers.
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          Fig.8-4. Schematic diagrarn of the vacuum system.

collision chamber which is puiirped through two apertures (inner diameter of
4mm) which allow the incident and scattered electrons to pass.

     The construction of the second chamber is like that used in Chapter 4

except the energy analyser and the collision chamber which is also used as

a Faraday cup. Two energy analysers are set in the left and right sides

of the collision chamber (in the scattering plane) at syrnmetric position

with respect to incident beain a)cis at a scattering angle of approx.950.

     The cross sectional drawings of the energy analyEer are shown in

Fig. 8-5. The energy analysis is performed by a twofold retarding mesh

(gold plated tungsten of 100 mesh) instead of a sector type analyser, the

construction of which is confirmed by the investigation in Chapter 7.
(It was shown that even energy resolution of approx.13 eV was still practi-

cally feasible). The outer view of the analyser is shown in Fig.8-6.

retard' rid
Ceratron

l
ll

l

Fig.8-5

energy

. Schematic

analyser to

 diagram

the ESP

 of the

detector.

     Fig.8-6. View of the
     plier and the case of
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The electron multiplier used is a kind of channeltron (Murata Co., Ceratron

Type EMS-6081B) with an acceptance cone and a holding stage.
                '                                             '8-2-2. Pierce-Type Electron Gun Using LaB6 Single Crystal as a Cathode

              .-.t .                                         '                                                '    As the intensity of an electron beam after double scattering is ex-
tremely weak, an electron gun of high beam intensity is necessary for double

scattering eXperiment. For this purpose, a Pierce-Type electron gun of high

beam intensity was constructed (Pierce 19S4). The Pierce-Type electron gun
is designed for use in space-charge 1imited regions and provides a parallel

electron beam. The main part of this gun consiSts of a cathode with flat

-- s•
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         ws y

Fig.8-7. Schematic
and anode electrodes

lectron gun (Pierce

surface, a cathode

in Fig.8-7. The
electolytic tahk

cathode electrode

angle of 67.50

     The cathode
   '      'ing electrons '

ing electrode

lectron bombardment

near the cathode

at high temperatures.
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                              l '-=:'sss.. -- 'V'- 'r Tank
                       . --s. l           ij(i EAI ;/is'rg.I`'IIY.,.til:i,, '"Ss-

                    t tt ttt tt                           '                  tt t                          '             tt
                                            '     diagram of cathode Fig.8-8. Schematic diagram of the
      of Pierce type e- electrolytic tank. ' '
                  '     1954). •••• ••-• •• •' '

           ttttt tttt ttt tt t     electrode and an anode electrode as is schematically shown

    actual shapes of these electrode are determined using an

   '(see Fig.8-8). It was concluded that the shape of the

  . should have the same shape as the usual Pierce gun with an
                         '  between the el.ectrode and the beam axis.

    are heated by electron-bombardment. To prevent the bombard-

 from straying into the electron beam from the cathode, a shield-

 is set between the cathode electrode and the heater for e-

      . Parts of both the cathode and shielding electrodes
    consist of Ta to obtain stable performance during operation

         Fig.8-9 is a cross sectional drawing of the Pierce
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gun constructed. An asymmetric three cylindrical lens with deflector is

set in front of the anode electrode.

     LaB6 single crystal is used as a cathode because of its high emission

current and stable performance over a long period of time Clong service

life) which originates from the low values of both the work function and the

vapour pressure (J.M. Lafferty 1951). Moreover, the LaB6 single crystal

has flat surface plane of stochiometric uniformity (T. Tanaka et al. 1975)

which enables one to obtain a beain of higher current intensity with good

parallelism and spatial uniforrnity.

     The cathode consists of a LaB6 single crystal rod with a diameter of

2mm and length of 7mm held in a Ta cylinder. The Ta cylinder is connected

to a 2mm diarneter W-rod with three spot welded Ta wires in order to limit

power consumption. Furthermore, this prevents the gun assembly from deter-

iorating the vacuum by heating the area surrounding the cathode. The dis-

tance between the anode and the cathode was 5.5 mm and the perveance was
2.42Å~10'7 A/v3/2. Two Ta ribbons (O.025Å~O.75 mm) were held around the

LaB6 cathode. The two Ta ribbons had heating currents of opposite direction

in order to reduce the current-induced magnetic field around the emitter.

     Fig.8-10 is an outer view of the cathode and bombarding system with both

the cathode and the shielding electrode removed.

Fig.8-10. View of the single crystal

LaB6 cathode and its holding system

removing anode, cathode and shielding

electrodes.
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     To evaluate the performance, LaB6 was heated up to -16000C with acceler-
ating voltage range of 200-1300 eV. With these operating conditions, the

gun was being operated in the space charge limited region, with approx. 12W

of power consumed. During operation, evaporated LaB6 is continually de-
posited on the Ta-ribbons which reduces the work function of the ribbons,

which in turn reduces the heating power to approx. 6 W. The beam diaineter

was observed with a fluorescent screen situated 10 cm along the beam path

from the anode. The spot size of the beam was found to be 3-4 rmn in dia-

meter for the above accelerating voltages. The beam current was measured

by a E?raday cup having an inner diameter of 4 mm at a vacuum pressure of '
3Å~10 Torr. Fig. 8-11 shows the relationship between the beam current and
the accelerating voltage. The rapid variation of the beam current in cur-
rent stability measurements was rarely observed and the beam current drift

was less thaxi O.1 O-o. As in seen in Fig.8-ll the actual perveance was found
tO be 3.8Å~10M8 A/v3/2. .
                                            '
               '                        '
8--2-3. System of Measurement

    A schematic diagram of the electric circuit used for the double
scattering exper[i-ment is seen in Fig.8-12. The memory section of M.C.A.

was devided into two parts to treat the signals of the two origins.
A pulse ts at first EinTilplifiedi and them arrives at A.]/).C.iiiPUt [in the M.C.A.

ehreugh the mixer. At the saine time, the fTiernory regicn is selected based

     pmrr ,,     li[p- sk

e".

         :---::

     -

Fig.8-12.

scattering
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on which multipliers the pulse originates. This is a successful method

when counting ratio of both the multipliers are low because switching time

or dead time of M.C.A. has little effect on measurements. Moreover, we can

correct the exteymal and internal background by direct observation of P.H.D.
     The system used was Ortec "Spectroscopy Amplifier 472A (Å~2), Ortec

"Dual Sum and Invert Amplifier, 433A'', and Ino-Tech IT-5200 Multi-Channel-

Analyser. '. ' • • •  '

                            tt
8-3. Proposal for an Application of Electron-Mercury Scattering to a
      Polarized Beam• Source

                                                         tt     As is showri in Sec.2-3 and Appendix 3, polarizing and analysing powers

are expressed by the same function S (Sherman function) in the case of

elastic scattering. In a certain type of scattering experiment, an inten-

sity measurement using an initially polarized electron beam is superior to

a polarization measurement using initially unpolarized electron beam.*
This is precisely the case in studies of surface physics, where primary

electron beam should be sufficiently weak so as not to damage a sample

surface.

     Kessler (1976) sumarized various polarized sources and estimated its
beam qualities, which is shown in Table 8-1. 'P2I', appearing at the top of

the 5th colum in Table 8-1, may serve as a kind of parameter for an estimation
of beam quality (see Sec.7-4, where the similar quantity af,ff is used for

the estimation of efficiency of the ESP detector.). The 6-th column Beam
quality q is determined by

                    P2I            q=nt, ,E , (8-1)                  oo                           o
                                                              '

rk Recently, an experirnent of similar conception is reported to be in

   progress (Unertl et al. 1977) where photo electrons from GaAs surface

   are used as a polarized electron source for LEED study.
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where To is the radius of a beam-cross-section miniJnum, afo the correspond-

ing semi-aperture of the beam and Eo the energy of electrons leaving the

source. We can see that q takes into account the polarization, intensity
and collimation of the bearn. From Table 8-1, the beam source using "scatter-

Method P I

d.c.

(Ampere)
pulsed(= l"s)
(el.fpulse)

P2I
(Arnpere)

Beam
quaiity q
Eq. (7.19)

Scattering from O.2
 unpolarized targets
Exchange scattering O.5
 from polarized atoms O.2
Photoionization of O.76
 palarized atoms

Fano effect O.6S
               O.9
Coliisionag ionization

 znopticallypumped O.3
 He discharge
Field emission O.89
 from ferromagnets '

3.5DIO-ps

a.silo-g

5•IQ-7

XO-6

104
107

8•los

3-gog

lO--g

2•lo-i4
7•lo-!2

lo-s

6•lo-•io
2•io-il

5-le-s

8•1o--7

Medium

Low to
medium
Medium

Medium

Medium
to high

High

rTabge 8-l

CKessler
. Comparison of
1976)e

varlous sources of polarized electrons

ing E'rom impolarized targets"' is ranked ''medium''. Thus,, 't]he ESP detector

zasing mercury vapour may work weU as a polarized beam source, if an electron

gun is moLm-ted together wTith the electron multiplier.

     It is worth noting that this system provides precise information on

the scattering process by comparing the polarizing and analysing power, i.e.,

these two values are not equal to each other e.g. in exchange scattering

as is shown in Appendix 4.
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                                 SUMMARY

         '                                                            '
     The present work consists of two parts, Part I which consists of

Chapter 1-5 and ?art ]I, Chapter 6-8. The main subject of Part I is
'' Electron-Mercury Scattering'' and that of Part ll , ''ESP detector using

Mercury Vapour". The results obtained in the present study are summariz-
                                     'ed chapter by chapter as follows. .
                                       ..         '                                            '
                                    '         '

Parr I EIectron-Mercury Scattering

                                    '
Chapter 1; Introduction
                                                           '            '1) The characteristics of electron-heavy atom scattering are briefiy des-

                                                 '   cribed.
                                                           '
2) A historical view of electron-mercury scattering is given together with

   bibliographies. It becomes apparent that the studies have been strong-
   ly biased toward elastic scattering for both experimental and theoreti-

   cal studies. '
Chapter 2; Theory of Electron-Mercury Elastic Scattering --- Modification
and ]ibctention of Current Theory

1) Particular attention needed for the theoretical treatment of electron-

   heavy atom scattering is described.
2) e--Hg elastic scattering is treated relativistically using a non-

   relativistic Hartree potential. The scattering amplitude is written
   down for an arbitral incident direction of electron beam.

3) The efficient and accurate computer program is developed for electron-

   atom elastic scattering. Theoretical calculation is made for both the
   differential cross section and spin polarization of the incident e-

   lectron energy between 300 and 2000 eV. In these energy regions, the
   calculated results agree well with both experimental results and other

   theoretical results calculated by more accurate but complex theories,

   which include exchange effect between incident and atomic electrons, and
   distortion of atom by electric field of incident electrons.
4) The cross section calculated in this way provides inrportant information

   concerning study on the behaviour of Auger electrons in solids using

   Monte-Carlo calculation. Because the screened Rutherford scattering
   formula which is usually used in the Monte-Carlo calculation breaks down

   for low energy electron scattering.
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Chapter 3; Theory of Electron-Mercury Inelastic Scattering
           --- Application of DWB Theory

                                                      '1) DWB approximation is applied to electron-iixpact excitation of 6iP state

                                              '    of mercury.

2) The computer program is developed for electron-atom inelastic scatter-

    ing using the DWB approximation. The DWB calculation is perfo]rmed for

    atomic wave functions constructed using Coulomb approximation and

    Hartree approximation in the incident electron energy of 50 to 500 eV.

3) It is shown that at aii impact energy greater than 300 eV, the spin

   polarization of inelastic electrons differs considerably from that of
    elastic electrons at scattering angles less than 900 for both the
    atomic wave functions.

Chapter 4; Measurement of Loss Spectra

1) Construction of an. apparatus for the measurement of loss spectra j.s

    described.

Z) The loss spectra of electron-mercuvy scattering are obtaine(1 in the

    eRergy region between 300 and 1000 eV at a scattering angle of 50 to
    11oo.

3) Allowed transitions such as 6iP and 6p?3P exckta.t.ion are dominant iR

   'these. ener,gies and scat'Lering. angZe,s, and show F.;.imilar diffractiory

   pattern to elastic scattering. However, the tr'ansi.tion rate to 7iS •

    state Cst:,icÅély foTbidden trainsition) is higher than that to 63P state,

    and 63P state is higher than that to 7iP state CallDwed tTansi'tion).

Chapter 5; 6iP Excitation --- Comparison of Theory and Experiment

Z) The results in Chapters 3 and 4 are compared.

2) The DWB calculation using Coulomb approximated atomic wave function

  provides values of cross section in close agreement with experiment,

  hQwever, the DWB approximation using Hartree atomic wave function pro-
   vides profiles of angular dependence of cross section and spin polar-

   ization in close agreement with experiment.
3) From this result, it is coRjectured that the actual 6s and 6p wave

   functions of mercury may have similar profiles to that of Hartree wave
   fynctions. However, (6s) wave function for (6s)2 state and that for

   (6s)(6P) state may be much more isolated from each other in the actual

   case than in Hartree case. •
                                            '
                                   '
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Part ll. ESP-Detector Using ;vlercury Vapour

Chapter 6; Introduction

1) Studies on ESP experiments and ESP detectors used for these experi-

    ments are briefly reviewed.

Chapter 7; .Ctptimum Conditions of the ESP Detector.

                                                                   '    Optimum conditions of ESP detector are systematically investigated1)

    utilizing the results in Chapters 2,3 and 4. '.
2) The conclusions obtained areE]=300 eV,0=950, dE J13 eV anddO=100.
3) The spin-polarization detector using mercury is compared to the con-

    ventional Mott detector to draw out the conclusion that the former

    type is more appropriate for wider application.

Chapter 8; Double Scattering Experiment

1) An apparatus for double scattering experiments is described, using the

    conclusion derived in Chapter 7.
2)    The Pierce-type electron gun using LaB6 single crystal cathode is
 '    designed and constructed for double scattering e)cperiment. •
3) It is proposed that an ESP detector of this type may be also used as

    a polarized electron source which provides a powerful method particular-

    ly in the region of surface physics.
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APPENDIX Z, QUALITATIVE EXPLANATION OF THE DIFFRACTION EFFECT
                                            '                IN e-ATOiVl SCATTERING •., •i• •

     Qne of the most important reason for the occurrence of the diffraction
effect is that a wave length of low and intermediate energy electrons is

comparable to the radius of an atom as has already been mentioned in Sec.1-1.

Although the atomic radius of various elements is coiirparable with each other,

the diffraction effect becomes clear and complex for heavier elements.

Furthermore, the ma)cimum impact energy for the diffraction effect to occur

shifts to higher energies for heavier elements. For example they are 6 eV
for H and 15 eV for ffe (Mett. and Massey 1965), however, higher than 10 keV

for Hg,, The follorN.ing certsideration provides a qualitative expXanatlori

for. tfhese ?,,,h-ep.emene.. T,].e ttiffract'1•on pattveg7n" appears iLf oal>r several par'ti/.a].

waves E.vith cnvnsl5.erable valuevq fif phase sh'iifts cont.ribute to scattexing.

For this, atomic pote.ntia1 should be narrrolaT and deep enough, and attractive.

[.his ts iDe.cau.se f.oi•- g.tt.:r,ac.t.ive c.ase, atomic 1.). cHtefltial can. 'pull- iR i'.'.op.-

s•iderab-le cycXes of wave- if t.he deepness evf the 'potential is sufficient,

whiic.k results i.n large phase shift. This is not the case for narrow ancl re-

puisive peteitial because the cycles that cdr-i be swept out of the 'potential

r. egion are vex'>J small, }ofhich results IR small phase shjL'ttt.. tf the pot.ential

is• lc• ng range, a namiber of p. artk'al waves contribute to [-scattering, so dif-

iCrac.7.ttiora :}Lifieiiemei)-a. L'"aiNg no't be oicse'!'rved iEo•x' buth att-fact.:, Lve aitk(t x"epulsive

poteR'tials .

     The yad.iff.k wave equation. is written as.

              g2.Litx4. g.l.gl+ <.if.2" ei(.) pt-- g(3"i)) 2pt).,..o , (A--l-D

for non-relativ!stic case (cf. equation 2-32). It is seen that an effective

potential consists of an attractive atomic potential and repulsive centri-
fugal potential. Puttingu@ J-2Z 82exp(-r/ao) for simplicity, we obtain

condition for atomic number, .

                                                                '                                                             '              Z>l (l+1) /aoee2--•e (t+1), ' ' (Al-2)

which is the condition that the atomic potential dominates the centrifugal

potential in a certain radial regions. In equation (Al-2), the screening

parameter ao is assumed to be the order of Bohr radius. It is seen from
equation (Al-2) that the number of partial waves which undergo an atomic

potential dominantly becomes larger as the z-number increases. This means
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that the diffraction pattern becomes complex for heavier element, Further-

more, a main part of an L-th partial wave exists around the principal region

of the effective potential if

                   <1, (Al-3)              Ka
                 o

where K is a wave number of incident electron. From equation (Al-2) and

(Al-3), the maximum impact energ>r where the diffraction effect occures clear-

ly is estimated as i.e. 13 eV for H and 1000 eV for Hg. Large discrepancy

for mercury will be reduced if the depth of the atomic potential is taken

into consideration.

                             '
APPENDIX 2, INcApABILITy oF pOLARIZING AND ANALYZING ELECTRON
               '                 SPIN BY MACROSCOPIC tVIETHOD .

     Let us consider at first producing polarized electrons by macroscopic

field (a kind of Stern-Gerlach experiment). •
     Suppose that a bea]n of electrons travels along the z-axis with velocity

vz in an unhomogeneous magnetic field H. It is assumed that Hz is eyery-

where zero, and that in the xz-plane Hy is also zero i.e. an actual shape
of magnet has a same cross section with respect to xy-plane along z-a)cis

and is symnetric with respect•to xz-plane (see Fig.A-1). The force on the

electron tending to split the beam is

                      o ff

                   eaxX. (A2-1)
                                                            '
Ctn the other hand, because of the finite breadth of the electron beam, e-

lectrons travelling at a distanceiY from the xz-plane will be subject to a

                  ev,Hy, (A2-2)
   '

in the x-direction. Considering that

                                             '

                 div (H)=O, CA2-3)
                                   '

equation (A2-2) can be rewTit,ten as

                    '
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             e vz OHx/Ox•dy .

This force causes a spreading of the

i.e.,

              ev OH /Ox•ay <e
                zx

However, the uncertainity principle

            3Vy"dY"vl .

Inequality CA2-5) therefore leads to

beam, so should be

OH /Ox.
   x

states, that

the inequality

smaller than

(A2-4)

(A2-1) ,

(A2-5)

(A2-6)

That
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mg

         tsv >v            yz
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Fig. A-1. Schematic diagram
of the magnet.

Fig. A-2. Scattering asymmetry for
totally polarized incident
electron beam.

    The situation is similar for detecting electron spin.

Iectron was at distance R from the magnetometer, then the
of the magnetic field due to the spin is
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              e/R3. (A2-s)
     There may be a magnetic field due to the motion of the electron, the

order of which is

             ev/R2) (A2-9)
where v is the velocity of the electron. From the uncertainity principle

             dR av•Ntl, (A2-10)
                                                                      '
where dR and dv are the uncertainities in our icnowledge of R and v.

Now in order that equation (A2-8), the effect of the spin, shall be ob-

servable, it must be greater than the uncertainity in equation (A2-9).

That is to say,

             e/R3>edv/R2. (A2-11)
Hence from equation (A2-10)

            dR>R. (A2-12)
Measurement will therefore be impossible (Mott 1929).

APPENDIX 3, RELATIVISTIC RUTHERFORD SCATTERING FORIVIULA

     For Coulomb potential -Ze2/r, the integral in equation (2-26) can be

performed and results in
         fBo Tn =Ze2 (H (IC f) + VV i/ (k i-kf )2• 2e (k i)

                  =ze2/ (4k2•sin20/2) (H (kf)+ Wlu (ki) , (A3-1)

wbere Åëj.(T')=eik"2e(lci)and vvtH(kf)=vv-akf -B . Thg operator vv+H(kf)

glves O        when                     to negative energy states and gives                                                             value                                                       finite            operated
when operated to positive energy states, which assures the final states

being in positive energy states. Thus
dO/dS?=1fBoTnl2 =] IZe2/ (4K2•sin20/2)l22VVu(ki)+IH(kf)+ wlu(kP

                                                                      .

                 . (A3-2)
The 1inearly independent solution of free states can be written as
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                              1

                              o.                                        '      2el(ki)= '(VV+i)/2W K. /(vv+1) . (A3-3)
                                zz                              (Ki x+iKiy) /( VV+ 1) )

and
                              o
                                                            '                              1      u(k •)= (W+1) /2W . (A3-4)        2Z (K. -iK.                                         )/( W+ 1)
                                zx                                       zy
                              -Kiz/( W+ 1) ,

which is proved by direct substitution. For the state expressed by equa-

tion (A3-3), equation (A3-2) gives .
      '
      da/dS2 = 4K, sZi2.,eo`/2• tl l(w2+ i) + (ki, kf )l

                    Z2e4
              = 4K4 sin4o/2 (W2-K2'sin20/2)

                   Z2 e4             = 4v4sin4 0/2 (1 '- V2' Sin2 0/ 2) (1 -v2) ) (A3 -• 5)

where v=Krw Equation CA3-5) is just equal to equation (2-27). The cal-
culation for the state expressed by equation (A3-4) also results in the

same equation as (A3-5), this means that Sherman function always equals

to zero in Born approximation. So for the analysis oÅ}- phenomena concern-

ing spin polarization, the Born appreximation is an ineffective approxim--

at1on.

     To investigate the origin of the second factor of equation (A3-5), we

shall treat a spin O particle by Klein-Gordon equation, i.e.

                                                                      '
     ((VV--• V)2--(p2+ 1)l ip ,. o. (A3-6)

A similar procedure adopted in Sec.2-2-1 gives the integral equation of

(A3-6) as follows; The Lippmann-Schwinger equation of (A3-6) is written

as
                                                             '
                      1      gb=Åë+ w2-p2-i+ie (2PVV-V2)gb. . (A3-7)
                                                        '
Using equation (2-21),
                                                                       '
                                           '
         '
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    cb =Åë- 4 i. ei5Tf ,-ikfr' (2 wv ( r, ) -v (r ,)2) ip (r ,) dri , (A3- s)

the notation used here is same as that used in Sec.2-2-1.
     Introducing first Born approximation, i.e. gb -.ÅëJ 2WV+V2 --i> 2wv

equation (A3-8) results in .
                     iKT
            gb =Åë-e T •Ze22VV/ (ki-kf)2 . (A3-9)
                                                                         '
Thus

                                      '

                =-Ze2 W/ (2K2•sin2 0/2) • CA3-10)            f             KG '
          (ddga)KG=:iztTiESiill-(b,.2i.e,`o/2 vv2

                  = 4v,Z2sie.`, (o/2) (1---v2). (A3-ID

                        '                          '
The coxparison with equation (A3-5) or (2-27) shows that the factor (1-v2.

sin20/2)is dropped out in the case of spin O KIein-Gordon particle.

It may be concluded that this factor reflects the effect of electron spin

(Nishijirna, 1973).
                                              '
                        '                                                                    '

APPENDIX 4, QUALITATIVE EXPLANATIONS OF THE TWO ROLES OF SHERtVIAN
                                     '               FUNCTION
                                                             '
     Let scattering efficiencies be cv and B for spin-up electrons scattered

to left and right side respectively, then af and B are also the scattering

efficiencies for spin-down electrons scattered to right and left side re-

spectively (see Fig.A-2). Then for an initially unpolarized electron beam,
the spin polarization PL after scattering to left side may be expressed as

        PL=N",ev,iNiVBB=:i,-+,BB .' (A4-1)
                                  .
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Ctn the other hand, the left-right asymmetry for a totally polarized in-

cidentLelectron beam (spin-up state) may be expressed as

         NR/NL = B/ cv := (1-PL)/(1+pL). (A4-2)

From equation (3-7), it is seen that PL plays also a role of Sherman fun-

ctlon.

                                                                     '
    Qn the other hand, for exanrple in the case of exchange scattering, p

and S are not equal to each other. Putting direct and exchange scattering

antplitude as f(0)and g(o), we have the cross section for an unpolarized
electrons scattered by totally polarized atoms as follows (Kessler 1976);

              Process Cross Sect]on

        ei +At el +Af lf(0)I2
        ee +Ae ef +A" ig(e) l2 (A4--3)
        et +At ef +At if(e) -g (0)l2
and
        e+ +A" et +A; If(0) l2
        ee +A" e" +Ai lg(0) I2 cA4--4)
                   es +Ag lf(0)••-g<0):/2 ,       e$ +Ae

                                                        '                                                            '  '
for spin-up and spin-doivn atomic state respectively. Then the spin polar-

ization F of i•nitially unpolarkzed electrons scattered by totally poZarized

spin-up atoms is expressed as

      p= If(e) -g(0)l2+[g(0)I2-if(e)I2 cA4-s)
            If(0) -g(0)l2+lf(e)]2+lg(0)l2 .
Ctn the other hand, the scattering intensity of totally polarized spin-up and
spin-down electrons scattered by totally polarized spin up atoms are [f(6) -
g(0) i2 and lf(0)i2+lg(e)l2, respectively. So the value corresponding to

the value P in equation (A3-5) may be expressed as .

       S='il-:-:'Z<-l-ZliZll"lknl-sllf'((0ig[S)'l+l.'f;((S)'I+l,[oOii2 . ("4-6]

                                          '
It is worth noting that this is not a left-right asymmetry but a "spin-up- -
                                            'down'' asymetry (Kessler, 1976).
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APPENDIX 5, VARIOUS CALCULATION PROCEDURES FOR THE ESTItVIATION
              .OF PHASE SHIFT

     1) A direct•integration of equation (2-28) by Runge-Kutta process was

performed by Bunyan (1962). This method was usually used in the calculation

of atomic wave function. (e.g. Mayer 1957)
     2) putting grc=aihGrc/r and substituting in equation (2-32) one gets

          d2Gl/dT2+[K2-l (l+i) /r2-ul(T)]Gt= o, (As-1)

where -U l = 2vvv+v2+ (l ;I i) S' - -i- :::'fi + -;;. .:}'t .

Equation (A5-1) shows that the difference from the non-relativistic equation

is only the potential that should be adopted. This method is quite suitable

if there has already existed a computer program for non-relativistic equation

(Madison and Shelton 1973) or if one wants to compare the results between

relativistic and non-relativistic calculations. (Meister and Weiss 1968).

     3) Another method is the power e)cpansion method developed by BUhring

(1965). He divided the radial region into three and put

         I oo       V(T) =.E. -i VhTM ' (As-2-a)
                                                            '       vM(T)= il) vM (y) (T-y)M ' (A5-2-b)
              nNM

       vE(7)=vEiT-i, ' (As-2-c)
and
                                 In       fi(r) .i=o anT
                  -1+S       gi(T) =aT 7FEo blb Tn • (A5-3-a)
                                                                        '      ;.",`Xj-r-i//g,aS,(::g,'Z (As.3-b)

      IiS((.')) -v cet'"Ts(t9o [::.7':." > ' (As-3-c)

corresponding to the three regions. Substituting in equation (2-28), one
obtains series of coefficients. This method provides one a method to escape

from tmncation errors.
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     4) Fourth method is the one developed by Lin et al. (1963) and used

by Bunyan and Schonfelder (1965), and in the present calculation (see Sec.

2-4). As is shown, equation (2-51), is a non-linear equation, so it is very
difficult to treat it in an analytical manner. However, this method separates
the wave function into two parts i.e. anrplitude and phase parts, in order to

obtain a slowly changing variables. Furthermore, these equations are first
order differential equations and fOr the evaluation of phase shift, it suf-

fices to treat only the former. (see equation (2-51-a)).
     It is expected that the fourth method provides a sufficient accuracy

and simple calculation procedures for the calculation using high speed

digital computer.

'
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APPENDIX 6i COMPUTERPROGRAIVI LIST

a) Elastic scattering case

Entry
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Coeff. of Atomic
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 Legendre Function
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.--.------- e
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       8L
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RXSitFKlt-SIN(Yl.RK2).ZIZCNr)}tR?•EHERGY-COS{Yt.RK2)
RK3iH-Rt3
RK4ttFXX-5tN{Y"2.eRt]}+IZItN2))tR].ENERGV-CeStVb2..RK31
RK"H-RK-
Yl;rl.tPKI.2.-tRK2-RX3).Rk-}y].
Rl=Rl.H
R2;R2-H
RIIR3-H
CONTrNUE
-N-NlsNNNN-1
R2=Rl+H3-.S
R3;Rl.H3
DO 3]ee NthNNNrtl
RRAIsPl-PADIUS
RRAIIR2.RAO:US
RRAS=Pl-RAD:US
RRAtsRRAItRADIUU
RRA2:PRA2tPAb:UU

-eOl RPA3PRARD
oe4e
O049
eoso
oesl
oesl
oeJ3
O054
:055
aese
5osl
cess
eesg
"e6a
COsL
:e62
boe3
oo"
ce6s
beee

33eo

ILIRRAt-RR"t{SGM.RFIAI-tFMUU.PR"-fNUU})
X2=RPA2tRPA2ttSGM.RRA2-CFMLIU.PPA2tfNUU})
l31RRA3-RPA]-t5GM.RllA]-tFMuU.RRA]-FNUu))
FKIItFKK-SINtYl)+11PIRI.ENERGV.Ca5tYll
Ritl;H3-RXI
RK2:{FtK-5INtYl.RK:?.Z2rtR2.ENERGY-.CCStYl.RKII
PK2sH3-PK2
RK3=tfKK-SINtyt+Rt2).lvlR2.EHFRGv.ceStYkRK21
Pk3-H3tRKI
Plt4tcFkK-Sle"cyl+2.-Rk]).z3}IR3+ENERGY-COStYt.2.tRt3)
RK"ti3-R("
YtsYt.{PKI+2.ttRK2.RK]}+PK"1].
Rt:Rs
R2nR?+H3
RlsR3.Hl
CON'TENUf 'PHAILtYlt2e
RE'rU"N
ENC

boOl
ggg;

k'g;

oeaE
OObl
oooe
O06g
zzelg

ggl;

oor-
65is
99te
eelT
9P.le
op19
vezp
OOtl
0921
oo23
 'QQ2-
O02S
opze
eol?
OOIS

ISOO

2200

SUeReurINE eE5SEL
Ce"NeNleEStFJteOO)"NEV{10.01,RK,KR
FJetrm'iRt'" 'T"
FJIttSrNtR:}IRK.CeStRK))tRK
FNEuet-costRxllnK
FNEUIi.CCeStRXItRX.SrNtnX)ttRK
FJtlltFJe
FJt2I.FJi
FHfUlt5'.FNEUOM'-'L''
FNfUl2)tFNEUI
xRtlNTtRK}+SO
Kn.mNotKR,3ool
kn2.KRel
bO 210e XRIi3,KR2
FkRI'iKli
FJtKRI)i.FJO.t2,OtFXRI.3,Ol-FJItRK
FNEUcKRv..FNEVo.t2.v-FKRI.3.e)-FNEUItRK
FJe.FJI
FJI=FJtKRS)
FNEUe!EN.E.Vl
'F-NIUil/tSNEUtK'R' v'
CONTINUE
DO neo KRt;KR,3bo
FJCKRII.e.e
FNEUtXRI)tO.O
CONTINUE.
RETU'R'R'
END



b) Inelastic scattering case

Entry mAnalytieal cal6u- 1-i,i6rfi &

     <Sk l Vo; iGk'>
        Read
Coetf. of Atomic Potentiat
  & Wqve Function
   Inte ration Wictth

:

g

CatcuEation & Store

  Atomic Pctentd

   Read
rncident Energy

Store,
    I

K=K+1

's r-----
        x.<gKI V.,l"qK•'X>::o"3

S=e-s

Calculation & Store
  Besset Functien

Catcutation & Store

Spherica[ Harmonics

L=1

Catcutation & Stere

    < gk l Ve, 1 G•L•>

       ,S`,

L = L' •1

1 ,,g.a,`cu,t;;lltilo.: ,

  Sherman Function i

   Write Out

     -3SL:1O

K=L"

0. ", C ..D•5
-'!

S:180)>
    /.

Exit

- 144 -



1

ppa
en

i

oeoel
OOO02
oOO03
oooo4
oOO05
ooDo6
oOO07
ooooe
oeoo9
OOOIO
OOOII
OOO12
oOO13
ooo14
OOOIS
ooo16
OOO17
oOOIB
oOOi9
OO020

OO021
OO022
oO023
oeo24
oo025
Ooo26

OO027
OO02S
OO029
OO030
OO031
OOOS2
eee]]
ooo14
OOOJ5
ooo36
oo037
OO038
oee3g
ooo4o
OOo41
Ooo42
ooo4]
ooo44
ooo4s
oee46
Ooo47
Ooo48
ooohg
OO050
oeesl
OO052
oO053
ooos4
OOOS5
ooos6
oO057
OO058
OO059
ooo6o
Ooo61
oo062
ooo63
ooo64

c
c
c
C
c
C
c
C
c
c
c
c
c

c
C

    INeLASTIC'ScAITERING cRoss sEcTToN-FeR "IERCVRy
    nTMVNSION GRAPH (I21)
   DIMSNSreN AeTkN (2,2)
   DIMSNSIeN FUNC(2,2,2)
   CO)(MONISCDL!SINDL(]OO,2,2),cosDL{300,2,2},sCsqOoe,2,2}
   co)(HoNIRRmALIRAmus(6),RADIAL(loooe)
   corfMoNIFxr!Tx(2)
   co)E-tONIHHABAIHABA(4)
   co)moNlmtAIsulKAIsv(4)
   CO)tMON/VAVPOTIPOTE(2,3},wAVEFu(3,2,2>
   coMMeN!vvpoTXvpoT{loooo,2),vpoTEIOeooo)
   coMMoN!AAssu;IAssLosC2eoo,S)
   COMMON!BES!FJ(300,2),FNEU(3ee,2),RIC(2),KR(2)
   cO)fHoN!zzBlzEE(4,2)
   CO)(MONIPPHAI/PHAI(2,4,2),AMPL(2,4,2)
   cc)(MoN/PPHAIolFHMe(2,2),AMFoC2,2)
   COI(MONXMATRIXIFMATRX(2000,2,2,2}
                ,2)!EENERGfENERGY(2}   COMMON/LtLIL(2
   COMMONIPPHAI!!AHPI(2,2,10eOO)
   CCNNON/TANDEL/TANDL(300,2,2)
   COMMONXAAAAMPIAAMP(20eO,2,3,2),BBNP('jOO,2,],2),ABMP(3eO,2,,3,2)
   1,BAMP(3eO,2,3,2)
   coMMON!STGISIGItA(4),SHERH(4,2)
   cOMMONIFFSCfFsC(2,3,2)
   DIMENSIeN HI(360}
   DIMENSION SIGMAA(160.6)
   DIMENSION SHERMM(]60,4)
 .,.D.i"?Y?:9N F?EÅí2gftFl:!i)IGg?SEIg\l,M(gA ,,,..,.,,

 WAVEFU (r,J,K) I,STATE,,J,ATAMA OR KATA NOKEIsu
 VPOT(T,J) J,ELASTIC OR INELASTIC
 RK=RADIUS-{VAVE NVMBER),KR=PHYSE NVMBER
 VOTENTTAL NO TENKAIKEISU
 PHAI(I,J,K) r,L OR -L-1,,J,KEI5U,,K,,ELA$TIC eR TNELAsTIC
 F"(ATRX(I,J,K,M) I,L,,J,L OR -L-I eF ELASTIC,,X,PLUS OR MINUS SIGNS
 INELASTIC,,M,- ABSOLUTE -(AGNITVDE OF L OF INELAsT[C
 PHAII(I,J,K),AMPI(I,J,K) KTOKU SARETA INELATTC NO UAVE FUNCTION 1
-1,,J,NVE OR OLD ONE
 ,TA,::??f:I,JIK,l Stt,e:.It-i6ftKit'tA,'LT,SC,?: q [gL,S..Sli:C,..,... ,....,,,.

 MAGINARY PART

    NPN=2000
    NPP=300
    NSEK=10eOO
    READ(S,100)RADIUS
100 FORMAT(6FIO.2)

    READ(5,200)HAeA(2)
200 FORMAT(Fle.5)

    REAI}(5,30V)((PeTE(I,J),I=1,2),J=].,3)
10e FORMAT{3E15,              5)

    READ(5,400)(((VAVEFU(I,J,K),J=1,2},li=1,2},T=1,3)
4oe    FORMAT(4E15.5)
    READ(5,701)IPtDEL
701 FORMAT(110,EIO.1)
    READ(5,500)NEN
soo :,oR,ge,?Ellgl)

le2 FoRMAT(!!!!!!1!f!38Il --'e- yomKQM! DATA NeHAnMJLRI -----}
   VRITE(6,702)IP,DEL
702 li:RITMAET(:?26113):A:ve/J:E LIMIT"tllO,19H pHAsb-. sHIFT vml T.,Elo.1}

10i FORMATCIHO,SH RADIUS. =,6FIO.2)
   VRITE(6,201)HABA (2)
20I  ::i\AET(El:6gH SEKrHUN HABA(2)=,Elo.li}

301 liR5tTMAE?gl:g6?p3oHTEYOMIKIMARETA poTb-,NTIt,L No KEIsu.)

   vRITE{6,4ol)
401 :::geETgt:oOoi?S)lvYEOFI/IIKOKARETA 6s 6p Ne wAvE FuNcTIoN)

   CALL POTENT{NSEK)
,,, gi6}iT,,EEI,8illi81iil;iec,iilii:t:?":::Eia:tg)bJ-i•2)

   CALL DIRACI
   VRITE(6,6so)
eje, gg:• sE:, i(, l,igfi, l:,:o, mslii.i;e:iisl,v:,TENKAi }

OF

"R

coo6s
ooo66
eoe67
ooo6g
ooo69
oooTe
OO071
OO072
oO073
ooo74
ooo75
ooo76
ooo77
noo7B
ooo79
oooso
oooei
{)oeS2
ooog3
oooS4
ooeSs
ooeS6
OOOST
oeo88
ooo89
ooe90
oeogl
OO092
oeeg3
ooog4
oO095
ooog6
OO097
OO098
ooOV9
ooleo
OOIoL
OOI0 2i
oo.]o'.1

oole4
OOIOI
oolo6
oOI07
OOIOB
oOI09
OOII{]
OOIII
OOI12
OOII3
oon4
OOII5
OOI16
OOI17
oolle
OOI19
oe12o
eO121
eO122
OO123
ooi24
OO125
ee126
OOI27
OO128

eo12g

oO130
OOI31
OO132
OO133
ooi31
oot3S
ool16
oOl]7
eol18
oOi]9
OD140
OOI41
OOI42

     Do 600 1pti.N:N
         READ{5,SIOO)ENERG
 SIOe FORMATIFIO.3}
     DO SO Msl,2
     Pe 5e Jtil.2
     De so K=1,NsE+c
     ANPI(N,J,K)-O.
   so CONTINIJE
     Do 61 ,J=1,2
     bo 61 K=1,k
     DO 61 Mnl,2
     S:Xi,•iS:K,l:l:gi

   61 CONTINL'E
     Do 60 M=1,3
     De 6o J=1,NPN
     ASSLEC{J,H)=O.
   6o CONTINUE
     Do Blc} JJ=1,2
     Do SIO J=1,2
     AMPO(J,JJ)=O.
  81e CONI/TNUE
     PPF=O,
     ::::g,I.Ul:::e:E•-6.7o3

     UIIITE(6,SOe)ENERG
  soo FORMILT(IHI,!!!!flll!!20X.21H -+-- NYUSHA ENERGy=,
     BO 5150 J=1,NPP,
     DO 5]50 jJ=l,2
     De r)]so jJJ=),2
     g2:Btlsigg:g:glr.gl

     CeSDL(J,JJ,JjJ)=1.
     SCSq(J,JJ,JJJ)=].
 SLbO CONTINUE
     r]o r)2oo J=1,2
     ENlr:IIGY(J)=ENERGY(J)!51100S.+1.
     FK(J)=(ENERGY{J)}ENERCY(J)-1.)--.S
     RM(J)=FK(J)-RAI)JVS(5}
 5200 CONTTNIJE
     CALL BESSEL{NPP)
     WRITE(6,900)RK
  VOO FORMAT{!f!13H HASU-RADIVS;REIS.5)
  950 :ftt:T-[A...?g?8:o:KEniSANSARETA DEssEL Ne Jisu=,2Iis}

     WRITE(6,leOO)((FJ(II,JJ),II=l,S),JJ=1,2)
 looo r{R/:thET(??}OEIn:]gSFNEV(II,JJ),II=1,s},JJ.1,2)

     DO 5250 LL=1,NPN
     I]O S250 M=1,2
     DO ji R50 J=1,2
     DO Y50 U=t,2
     FMATRX(LL,M,J,K)ul.
5250 C/ONTINUE

     READ(5,703)KLUNG,KTAE,KANKAI[
 703     FORMAT(3Il)
     IF(KLu)it].EQ.1)Go Te 704
     LL=-1
r)300 CONTINUE

     CALL DTRAC2(LI.,FPF)
     WRITF.(6,1200)LL,1.
     WRITE.(6,1210}
     URI•vE(6,6300)
63001HF05.VfTÅí722HX,2iY O,L)x,2H J,IIx,2H 2,11x,2H 3,lgx,2H

11Je lgFO{2RHMA.T )( f/16X,9(2H lt),7x,2H L,7x,g(2H -},gx,g{2H

    DO IJ50 Ir=1 2
    IF(M.Eq.2)oo Te 6ooo
61eo cWRo:I,?kitEllOO)((PHAI{JJ,KK,TI),KK=t,4)iJJtl,2)

    ll:TToE(:s6:i60}{(AMpL(JJ,KK,IO,KK;1,4),JJ=l,2)

6000 CoNTINUE
    GVRoT\II(2{SalO){{PHAI(JJ,KK,IT),KK=1,4),JJ.1,2}

620(] CONTINUE
i150 CONTTNVE
l,i2S) ,F.O,R.M,A,Tli,,HOI:;,H,,,EL,tiigl:i, ,PH,kl-.-i,4E,lgl44i,8,Xi44E,l;1it})

FIO. 1

  O,11X.

-),SX,SH

6H ----s)

2H 1,11x,2

.L-1,4x,



1

p"en

t

oo143
OolU4
ooU5
oo146
oo147

Oo14B
OOIU9
OOt50
OO151
OO152
oOl53
ools4
oO155
uels6
oai57
ools8
oo159
oo16o
oo161
oo162
oulb3
ooioa
oe16s
oor66
oo167
OOL68
oolb CJ

ovl70

OO171
OO172
oo171

oe174
OO175

oo176
OOI77
ee178
OO179
OO180
OOISI
OOIS2
oelsl
oels4
eolS5
oolS6
oO187
oolse
oO189
OO190
OOI91
OOi92

OO193

Oo194
OO195
OO19b

OO197
OO198

OO19Y
O020C)
O0201
eo2o2
ou203
ee?o4
O0205
O0206
O0207
O0208
O0209
oo210
OOEIi
{}O-71:,

en21]

1160

sooe

SIOO

SLtOU

8300

1220
1200

S4so

 FORMAT(10X,6H AMpL=,4E13.4,8x,4F.l3.4)
WRITE(6,BOoo)  EeRMAT(fl!5x,2x,9(2H -),4x,6H PHAIO,5x,10(2H -),L{]x,LLCL]H

15H AMPO,5X,12(2H -))
 ::Rkt4?{2i?ga ELAsTlc,2ox,loH INELAsTIc,3ox,sH ELAsTlc,2ox,

ILASTIC)
;:R;iR4?i?gll?IH L,i2x,sH -L-i,/ix),iox,:i(sx,2H L,iL'x,sH -L-i,

ARITEC6,Bloo)
::\\AET(g?V25E;i(lpHAio(K,J),K.i,2},J=i,L,),"AMpe(K,J},K=i,L'},

,Eo

,:iiRi:/:,:/i,:,!E,i?l,iii:/lfi,i.!ll?iRlt,HLL=iio,2ox,,iib,sx,]scL,ii"}}

 LL2=LL+2
 LLI=LL+1
 JJJ=1
 KKK=1
 IFCLL)5450,532(),531e
 CONTIMJE
 JJJ=2
 KKK=2
 Go To S310

-}thx,

1011 t.NE

}x;)

J=1,L')

5320 coNTI NITE
    JJJ=2
    J=1
    4Iiiu=F'K(.i)-p,J".LLi,,J)-v'J(LLi,J)-((?/NF.Rrn'(J)+i.}-TAN{pHAio(K,J))+

   !Sk','l:,D"{T,SL5•k;,;I•l'Lir/Sf:i'l)lklE"irt:l.'l:jS5))l{ENEHc;y{J)+i•)'TAN(pHAio(K,•'))

   1+(1.+FLOAT(L(1,J)+L(K,J)}}!RAnlUS(")})
    g,"".B:IIiLll;lt;bJl#TftNNIItPft!p'tAMpo(K,J}}-cof(pimio<K,J)>!HAmvs•(s)

    .SINPL(LL ,K,J)=S.J]PL{LL],K,J}/{FJ(Ll,2,J)-F!E['{Ll.l,J)-FJ(LLi,J)
   llii/kwali/1!ll!}i'/Sll,rur:t:resKfiwt:g•?syLe;:EK,Ltniv?3k'ixi,,

      SIN[)L(Ll),K,J)=-STN[]LCLU,K,J)
    COSDL(LLI,K.J)Å}-CDSDt[ur.K.Tl
     SCSQ(LLI,K,J)=(SLNbL(LLI,K,J)--L' +CeSDL{LLI,K,J)--2 }--.5
     IF(SCSq{LLI,K,J),Eq.,O)SCSq(LLt,K,J)=1.
     COSDL{LLi,K,J)=COSDL{LLI,K,J}!SCSQ{LLI,K,J)
     S:NPU{LLi,K,J)=SINDL(LLI,K,J)f SCSQ(LLI,K,                                           ,])
     ao To spe
5110 CONTINUE
     Do 550" J=JJJ,2
     IF{J.Eq.2)GO TO 5ltLO
     Go Te s42o
5410 CONTTNUE
     LLI=LL2
     LL2=LL2+1
S420 coNTINUE
     Do 540e K=KKK,2
    ,XYT'F7.:E\l:?'IltL)iLk'R;gs)S>Msil;isyERc•,'(J}+i•}-TAN{pHAio(K,J)).

     TANL=FK(J)-FNEU(1.L2.J}-b'NEU{LLI.J)-"ENER"h(J)+1.)-TAN(PHAIO(K,j))
    1+{1.+FLOAT(LCI,J)+L{X,,S)})/RADIUS(5))
    TANDLCLLI,K,J)=TANLVTANL
     SINDL(LLI,K,J)=TANt:.EIP(AMPO(K,J))-COS(PHAIe{K,J))fRADIUS(5)
    lilFNNEDLvillllSI:i•)Jl);fillil}L(LLI,K,J)1(FJ(LL2,J)-FNEu(LLI,J)-FJ(LLI,J)

    COSDLCLLI,K,J)=TANL-EXPCAMPe(K,J)}-COS{PHAIO(K,J))IRADIUS(5)
    cosDL(LLI,K,J)=CesDL(LLI,K,J)!{FJ{LL2,J}-FNEu(tLl,J)-EJ{LLI,J}
    1-ENEU(LL2,J))!EK{J)
    co:B:?tk:::si2:6:B:?}.EYtR::sj'

     SCSQ{LLI,K,J)=(SINDL(LLI,K,,J)-.2 +COSDL(LLI,K,J}--2 )--.5
    IF{SCSQ(LLI,K,J}.Eq..O)SCSQ(LLI,K,J)=1.
    S. INpL(LLI,K,J)=slNDL(LLI,K,J)f scsq{LLI,K,J)
    COSDL(LLI.K,J)=COSr]L(LLI,K,J)f SCSq(LL],K,J)
54eOCONTINLrE
55eOCONTINIJE

    Do 560o J=1,L,
    LLI=I.L+l
    LL2=LL+2
    T"'{J.EQ.:))GO TO 5610
    ao To 562o
5610CONTTNI]E

     LLi=LL2

c)o214
o v L, 1 r)

ouL]lb
ee2LT
t}02tS
{VoL)l9
"{VL, :,O

t)oL'L'1

tl{}Li22

{lo22'J
ooL'24
oo2L]5

oo226
oo227
c)C)22S
c)c)229

eo2]o
ooL)31
OOU32
"0211
O023-d

o0235
ee23b
O023T
oo L) :}8

O021Y
O02•'IC)

O02;l
eoL]!42
oo243
oo:,44
oo245
o02tl6
oo:'IT
O02tiS
oozuc)
o0250
O025i
oo2S2
{}0253
oo25-'

t]e255

e{]25"
ooL'5T
Oo2S8
oO?59
e":6o
Oo2bl
no26u
o0263
o{)26g'

oo265
O026h
oo:,hT
Ov:,6H
ooL)b9
OOL,TO

"{]27]
"()UTIi
oo27Y4
o"2T5
voL,Tb
e"L,TT
ooL,TS
d)"L,7V
[)C)L,H{}

o"2Hl
oo:)HU
e[)L)s'}
{io:,H•1

:)l]UHr)

oC)L,H6
tx)2ST
""L,HH
l]":is(l

-C) 7. 00

d}"'10]

5b2o

s6oo

537b
5j75

5370

S'JHO
S]ti1
5382
5386

7eo2

TOo4
7oes
7006
7['}07

7C)03

53S3

53S5

53e4
TC)Ol

T[)oo

T

7

:on
]oo

'}oo

rjl}llC)

S37t

51T
r, ' sT

•l

LLL)=LL2+1
CONTINITE

 R:,kbl `{'il',rrrlK;g. (TANnL{LtL,K,J))

CONI'[ NT7E
 AMTAN=1.
 rF(LL.LT.O){;O TO 7()02 AMTAN;AMAXI(AnTAN{S,1),AHTAN(I,L'),AHTA] C2, O ,ABTAI ('t.L'})

 VRITE(6,5'J76)
 VRITE(6,S.jf5)
,l,'V'g"a'I.litL/4'itu,(},•t;l2;c:x,t:w?L;1;i;;lli:\(:T,f?i:L;il"k');e,i;'',!;Li

2"III'l}{6,s3To)({(EMATRx(LL.1,K,H,N),K=1,L,),M=1.L}},1=l,u)

 FORmaT{IH ,SH FMATRX=,4E15.5,5X,hE15.5)

 LLII=LL+1 ,.illT3/ik/i-illl/i,/]/i/lg/IS{1!l//:lg/i/i/llllL/,ff'if,/i//l//a,iz•l,,l/E•,ii2/1//i/l/cil/!II/,ls'2:/i,i/E,:t}e,Ii,rl//l;i/i,i,i/i//r

 GO TO TO03
 CONTTNIIE

::ITil(:1;ilLg),1?•SggLX l•1:;;ll::.ilr•l

::,iT:Ets,Ill',ll91[Tg::al:I:;l:Ii•ll::il;l

P•9::",IX',1:1:: //5g• Bt: ll;H, ll:::.:ZTIC,lll:i:i:l

 FORMAT{IHO,tiH TANDL= ,12H (INELASTTC),2E15.5>
 FnRMAT{IHO,SH SCSQ. ,tL'H (INELASTIC),2E15.5)
 CONTI M,E
 IF(LL.1.T.O)C,O TO 7eC}L
 LLII=LL+:
 no s183 J=l.2
 TF(,1.EQ.2}LLII=LL+2

 bo 5383 K=1,2
 FvNc(K,J,1)=Exp(AMpo{K,J))tcoS(pHAIe(K,J))IRADTVS(S)lscsq(LLil,K,J
l)
 FVNc(K,J,2)= b7J{LLIL,J}-COS, DL(LLII.K,J)-FNEUCLLII,J)-SINDL(LLII,K,
IJ)
 CnNTT N, ],E
 VRITV;(e,53H5)
 FORMAT(IHO,32H VAVE FVNCTION NO TStTNAC,ARI aUAI)
 WRITE(b,5384){((FUNC(K,J,JJJ),JJJ=1,2},K=1,2),J=1,2)
 FOHMAT{!!8E15.              5)
 CONTINIrE
 IF(LL.GE.IP)GO TO 7000
 LL=LL+]
 IF(AMTAN.CF/.DEI. )C,O TO 5100
 Go To 710o
 ('ONTTXI'E
 1.t,=LL+L
 WRITE{6,T2C)U}
 F'oRNATC!11ff35n .".+ CAVTIoN --.-- pHAIsE IS evER)
 CONTTNVE
 WRITE(6,150e)
 FORMAT(25{2H -),19H PHAISE SHIFT OWARI,25{2H -))
 bO 5C}OO J=1,LL
 NN=2
 lF(J.Eq.1}NN'.-]
 VO 5UOO N=t,1 N
 JI=J+t
 EFCN.Eq.1}JI=J-1
 t)" 5[)OC) M=t,Li
 1)O SC)()O K=1-2
 :l r}ki ]i7}.i(ii/ ,K,! ,N)'FMATRX(J,K,MtN)lscf q(J,K,i)f s. cs. q( .n ,M,2v

 WHITe/(",5'j71}RAI)IL's{'))
 :L)It !:.7((,l/,l.lr:g<fiOl ,'SH H=,FIV.S,iOl ,LisH DE :oRMALIzE sARETA ATAI)

 "1{ITF.{t),')'IT'S)
 Pllll:X'i7,"I':),(L'."S{S{:'IT"](",K,MtigK=i,2},Mri,L'},:=i,L'},.;=i,u)

 FoHI ATC:H ,IS,4El5.5,5x,gE;s.s)
 IF(K,tlFl.FIQ.t}f;o TO T07
 S,N=1S



1

-pt
"
t

O0292'
o0291
oo2g4
o0295
o0296
o0297
o029B
oo299
oo3eo
eo3ol
eo3o2
oo)o]
o0304
oO]05
oo]o6
o0307
O030S
o0309
eo31o
O0311
O0312
o0313
o0314
O0315
O0316
O0317
O0318
o0319
oo32e
O0321
OOI?2
O0323
O0324
O0325
oO]26
oO)27
O0328
O0329
O0330
O03]1
O0312
o0333
o03)4
o033S
o0336
OOI17
OO)38
o0339
oe34o
oo341
oe342
oo)43
eo344
ooj4s
o0346
o0347
o034B
oO149
O0350
O0351
O0352
o03S3

 o0354
O03SS
O0356
o0357
OO158
O03S9
O036o
O"361
o0362
O0363
oo364
o0365
O0366
o0367

"{)368

Oi)lh9

7o4

70S

70S

707

5362

5363

5361

70S

5374

5)64

5366
S367
S365
S]6o

B9oo

9201

CALL TAE(LL,NPN,NPP)
GO TO 707
coNnxuE
i'l'ii'i•`llilii;'iiiEll{R's;s2i?i,f{/•i/i:i,i;ti:•ii;,,s-/L:,}i,t:ELg}2'"=iL"'

Do 70B JthLlc+1,LL
Do 70B x=l,2
oo 707 M=1,2
DO 708 N=1,2
FMATRX(J,K,M,N)=F-tATRX(J,l,1;g)
CONTINVE
EMATR)[(LK+1,1,1,2}=-FMATRX(LK+1,1,1,2)
;P.;:lil::llll:l:l:::X::l[t::IIflli:j

FMATR)C(LL+2,2,1,2)=.F)tATRX{LK+2,2,l,,2)
GO To 706
CONTINUE
IIII=1
I222=O
VRITE(7,SJ62)ENERG
FQRMAT(FIO.1}
MIITE(7,5363}Illl,I222
PORvaT(211)
VRITE{7,5361)LL.LK
FORMAT(2IIO)
VRITE(7,5360}(((<FMATRX<J.K.M.N},K=1,2),Mzl,2),N=1,2),J=l,,LK)
v..' II:E;;g;2gl[[?\",:::is::::irRsr;i`J'kLtrY):;;:lrl.)

VRITE(7,5360)(((COSDL(J,K,M),K=1,2),M=1,2),J=1,LK)
WR!TE{T,536e)<{{SINDL<J,K,M},K=!,2),M=1,2>,J=1,LK)
CONTINUE
va'II:l2;g:I;IBAmvs(6)

VwR'ITE,l2::3;Z'M",:`igF,,."".R:?SfsEi,Ssljk;f'i;s;-lt::;;R}N-'•2>•J-i•LK)

FORMAT(IH ,3(I4,2EIS.5,6x))
VRITE{6,s364}
'.,' llge,TgTll3:gY?lril(,,NDL(J,K,M},K.i,?),M=i,2),Jsi,LK+2}

VRITE(6,5366)
VvRRITTEEf66:5s3366S71(J,((COSDL(J,K,M),K=1,2),M!1,2),J.1,LK.2)

VRITE<6,5165)(J,((SINDL(J,K,M),K.1,?>,M.1,2},J=1,LK+2)
ps:ue(7,: g?s,:t';l

 FORMATCZ(15,4E15.S})
FORMAT(4E15.9)
CALL NAO(LL,LK,NPN,NPP}
VRITE(6,S900}

 FORMAT(IHI)
 DO 92eO K=KAmxAIC,360,KANKxx
AK=FLOAT(K}..5
CALL SPHERI(K,Lt,NPN)
CALL RET{LL,LK,NPN,NPP)

 DO 9201 J=1,4
'SIGMAA(K,J)=SIGMA(J}
CONTTNUE
SHERMM(K,1)=SHERM(4,2)
SHERMM(K,4)=SHERM(4,1)
?•:gul:::

FIM(1)=.O
FIM(2)=.O
GRE{1)t.O
C.RE(2}--.O
[l;:Ull.?i,

DO tltOO J,J=l 2
bo U{M}o n=1,Lx
AL=FLOAT(J -1}

iliilig•llliJ,i,l-iiliiil'kiillili•,i•l•i•Ipiil•I,:iliiil,liii•iiilli,l•llilil,lilS"iiFIili,illillJl)liiirlil,gll

{)t137o

o{]' j71
t]o372
o03;3
t)03Ti4

oelT5
no37b
vu177
OU37S
oO' j7[J

l){}]uo

oo•J81
oo382
oo3e3

()038t4

oo385
eo ' }8b
ee3HT
o038ti
o0389
fM)]YO
C)03L) i

d)0392
eo' iY)
i)03YU
u039S
oo3g6
oo' 397
wi}3YS
oo3Y9
oetleo
f}o4ol
ou4oL)
oo-' n3

"C]S4t)-

oolio5
oO/-eb
c}o4o7
D"tl08
o"4oy
el)4]o
{)Olt11

oo412
oo4B
cob "
"{)•41S
oc)hi6
()og' t7

oet"8
oc-19
o"gr 2o
oOl421
O{)gP 22

oeSIL'l
{)ot42-U

oe 'I L, 7)

i)uU/!6
oc,Uu7
t)()•42S
oo4' 2g
t)o'I' io
oetl•il

c-1'f/:
""u't•}
t)o•'1' )•'s

()o•'l'S5

"o!- ' }(]

im!l•)T
-o'+1li
l)f:' 1' i')

OC)•'l'l{}

oo4!i]
Ofl•'l•'12

c/o4-U't
l+tl•'411•'l

    C:IM(JJ)=GIM(JJ)+2.-((AL+t.)-AL!(2.-AL+1.))--,5-(S.INI)L(,1,1,,FJ)--L'-S.
    glNDL(.I,2,JJ}--2)-AssLEc,(J,2)
4"`'O liOlil,'g'ili'illi•ll2,ii?iE•iii,ilS,l•i•,Sif.l(Ii,iliTl',2!,iii;•iiii•l::1•:•5gifi'X;(K•JJ+••)

41UO C e:I\EN;(J6E,ploo)AK,{"Esc{II,JJ,KK),Il=t,2),KK=1,2),JJ=1,3)

YiOO EORMA'1'(IH ,F'10,1,3(2Ele.Z,2X,2EiO.2))

Y20e CONTIMeE
    VRITE(6,tlts50)
Ut;SO FeRMAT(IHI}
41-oo l::]RTMIIS?{]klCs]k/)KA)[v,3K,ls(2t{ -),6H slG)(A,17(2H -},sx,s(2H -),7H sHER

    ill(LK!ST3',gga63,.o3-FLoAT(KANKAK}

    Sl{}Tol=o.
    EIgT02={1,
     si(;TOI=O.
     SICToi4=O.
     Do t4100 K=KAN}cAK,]60,KANKAIc
     fts,i:')l•l)elTl:n;i3,,,2,-o2

    iti(1=S1N(AK1)
    KIK;MOr)(K,IO}
     IF{HIX.EQ.1)co To 4401
    Go To i4ho2
44ol c/oNTINUE
    WRITE{6,4403)
UU03 FORMAT(IHe,5{2fi ->)
44o2 coNTI NIfE
,,L•eo ;:R:X'S?"Z???g2,{,i!filg]le,t,S:ifajJ=i,6)t(sHERMM(K,J),Jsi,+)

    / rcTOI=slGTel+s. IGMAA(K,l)-AKI
    EIc:T(]:l=slGT02+Slc.MAA(K,2)-AKI
    slcTe/j=srGT03+slGMAA(K,3)-A}cl
h300 coNr/rdvE
    sr"Toltslc',Tol-AIA.6.283185307
    SI{:ToL'=slaTo2-AIA-6.281iSS307
    s.lc:Tol=slGTo3-AIA-6.2g31B53o7
    slc;To4=slGTOI+s[6T02+slGTo3
Y,404 +'oRMATCIHo.2oH ToTAL cRoSs g, EcTIoN,4E20.3)
    HRITE(6,lt404)slGTOI,slGTo2,slGT03,slGT04
    DATa HLANx,STq,HIi,Kyo,zERo!IH ,IH..IH-.IHo,IHI!
    k'elTv,(6,44so}
    po 4tLIO K=iO,ISo,2
    Ki=2"K
    SIGI=.tlGMAA(Kl.5}fCSIC.MAAt360.S)-20.
    Ng, u;q=INT(s!cstl
    TF(NSTf".uT.120}Nslcn=120
    H12,.ST"MAA(K],4)!s.Tc;MAA(]60,4}.20.
    NHIItlNT(SHERMM(Kl,ll}.2S.+101.}
    N'HI ItlNT{HI2}
    IF(NHU,frr.120)NHJI=120
    NSHF,1=INT(SHFRMM(Kl,2)-L)5..iOL.)
    SsHp/L=Å}pt'T(EHFRMMCKI,2}-?.5..lel.)
    nth Vlll J=l,121
    C:RAPH(J)=BLANK
•' l •U ]] C'ON'FFM'F

    {/FtApH(l1=zFnO
    "RapntHl)=x)"
    f;RapH(lolh.zERo
    u'];TTF'f-,4•"12)K,t;RAPH K
    "HApllfNgTt:Tl=slc;
    t,p.-putNHID=HII
     f;IJ.SPH(NH12}=KNO
    blRITE(",Vil'iUiRapll
    "R.ViH(XsHF1}=s!t/
    {;"aPHtNl HF2}=ltT ]
    wplTF-f6,44Ilh;N.iplt
a!,1'i FoRMaT(IH-,f]X,;:]41)
+UIL' p'oHMn']'(lif ,i4.2x.ILil".11al
4' "t} {'ONTtNllF
 hott C•-NTINI't,

    gT"li
    F,Xh



Hpt
oo

l

oolt4s
oe"46
oo4U7
oo448
ooU49
oo45o
OOUSI
oo4s2
oo4s3
oo4s4
co455
oo"s6
oo4s7
oo4s8
oo4S9
oo46o
oo461
oo462
oo463
oo464
oo46s
oo466
oo467
oo468
oo46g
oo47e

o047i
  472
o0473
oo474
oo475
eo476
oo477

no-' 78

oo479
oo4Bo
oo481
oo482
oo481
oo484
oo4Ss
oo486
oo4S7
oo48s
oo4S9
OOlt90
oo491
O0492
:gzg- z

o0495
oo4g6
r}o4g7
ooqgs
Oo499
O0500
O0501
O0502
O050]
oosob
OOS05
oose6
oos07
O0508
O0509
O0510
O0511
OOS12
oOS13
O0514
O0515
OOSIb
O0517
O051H

   gUBROTJTTNE SPAERI'(K,LL,NPN)
   coMMeNIMSsU]fAssT,FxT.t2000,3)
   MMF.NgleN r(3.2)
   FlciFTnAT(K)..O17453t9252-.5
   CTKiCOS(FX}
   SVXiSIN(FX)
   xgg6..LE.,c,•I:IB :g:itgg2g:g:lg.,,.

   ::gLgrligl:l :gl;2:g9,:;29,;:?gf....,-,.,-i.)

   F(1,1}tASST,EG(3,1}
   ASsLEtr.(3.21 =O.77254B40"-I FIc-CFK
   F(2.1}=ASSLEG(3.2)
   Assi Ec(3.3} =o.3862742o2-smc-g. Fx
   :ggiB,?t??1'P'aSg:33}],763326-,pK-(s.-r.pK-rFx-3-)

   Xgkt:,).?n'?i l'P'"Y5S}isois4i.,, FK-(s..cFK.cFic-i.)

   T(2.2}tASSLF,c.(4.2)
   ASSLEc.(4,3) =1.0219S5476fcFl(-sFK-sop
   p(3,2}=asg, Lp,c(4,3}
   Dn 200 I=S,LL.2
   FT=PLOAT(1)-2.
   pa 300 J=1,3
   FJ=-(FLOAT(J}-1.)
   ASSLEfi(T.Jl =(t2.-FI.l.)-(2.-FT.3.V(FI.FJ.1.
  IK-F{J.2)-((2.-Fl.3.)-(FT+PJ).(PI-FJ)!(2.-FT-l.
  21.))--O.5-P(J,11
300 CONTINUF
   no 200 J=1,3
   P(J,L)=F{J,2)
   F(J.2)=ltSSLEO(I.J)
200 anNTI NIJE
   RETTIRN
   ENn

)1(pTTFJ.1.)1--.s.nF
)1(F!.FJ+1.)!{Fl-FJ.

    SUBRnlTTTNF POTENT(NSEK}
    coMMoNlwnvpoTlpnTE(2,31,vnvEFTT(3,2,2)
    ceMMoN!RRADhL!RAnTus(6).RAn:aT(10000}IHHARnlHABA(4)
    coMMnNIKKAIsulK4Isu(4)
    enMMoNl vvpoT!vpoT(IOOOO,2),vpeTEI(10ooo)
    HABA{l)=HAHA(2)/PltDTUS(2)
    KA!sU(1}slNTtaLOG{IO.-RADIVs(2)>!HAeA"))
    HABA(ii=ALOC."O.-RADIUS{2}}IFLOAT(KAISU(1})
    KAISU(21Å}INT(CRADIUS{]>-RADIUS(2))IHABA(2))
    HABA(2}=(RADIUS{3)-RADTUS(2)YELOAT{KAISU{21}
    HABA(3)=2.-HABAf2}
    KAISU(3)'=!NT(RADIUS(41-RADIUS(3)YHABA(]))
    HABA(31={RADIUS(4)-RADIUS(3}VFLOAT(KAISU(3))
    itQ?gStaiiiR4??:ftS,3,),(,}.....,o)vHABA(4))

    HDAoHt8g)ff-,Sit.Di,YS,,(?liRAmus(4))!FLoAT(Kusu(hn

 lee YeRITAILNu( ll)=O'l"EXP(HAEA(1)"FLoAT(ID

    J=1+KAISU(1)
    JJ=K4rsu(1}+KArg, u(21
    "O 200 K=2 4
    DO 100 I=J,JJ
 3oo cRoANDITtNLu(i};RADIUS(K)'"ABA(K)"FLeAT(I-J.o

    J=JJ-1
    KKzK"
    IFtKH.GE.S)Ge Te 210
    JJ=JJ+K41S{T(KK)
 200 CONTTNIJE
 210 CONTINUP.
    JJ=JJ+1
    TF(JJ.C,F.NSEI()GO TO 2000
    t',e To 2100
2000 CoNTTNUE
    WRITF'(6,2300}
    VRITE(6,2200)
    WRTTEth,a300)
2200 FORH4T(29H sEKIBuN KAIsu pTMF]NSION 6VER)
    FORMAT(IH ,50(L,H--))21oo
2]OO cONTINI]P/

oo519
oes2o
O052i

OC)52
oOS23
oos24
O0525
oes26
O0527
O052S
O0529
OOJ30
OOS31
OOS32
O0511
oos34
o0535
oos36
oOS37
OOs38
o0539
oos4o
oOS41
O0542

oos43
oos44

oos4s
OOs46
oos47

eus4S
oos49
oosse
O0551
O0552

OOSSJ

eoss4
O055S
ooss6

eeSs7
O055B
ooSS9

O05bO

eos61
O0562
oos6]
oos64
o0565

oos66
oo567
c]OS68
O0569
O0570
O057)
OOS72

f}0573
oo574
O0575
O0576
OOS77
ooS7H
ot)579
oo5Ho
oOSHt
oo5H2
O05S3
ooss4

c

c

c

    R2D:20L(l:IKX"n"Å}ffg.(s).HABA(4)-ELoAT(T-JJ}

llOO  ROaNnTTTA"VIIo KETsAN ovARI CTnKUROI AN

    JJtJJ-1
iooo geoRthX$?IA:?9a:A:bp[iBuN HABA=.uF•is-s}

:;:o.tk/l'i/T,,'.:iila'ii/i/S.i"i'iiril;•l\k:•g,t:•es:kgins]ieeo)

    ge•R:OnOia:?lks""'iK

    U;8T,1::1;l:.81

    VPOTF.I{NN}=O•
    eOpog?ONNI:l;epoT(NN,l)-poTE(1.r).Exp{-poTF,(2.o.R}

 600 ggg,"(,M,]kl.vpoT(NN,i)IR

    r}o 7oo l=1,2 ;.    RP,.ji;le,g,=i(if,,,)ideAvEFuc!,i,J)

    .A2,g\?llll•r:Il";alllgltgrrY,lliS7:.).t,.f,,/,-(i.-,,p(-A2-Rn-Exp(-A2-R)

    1)
    CONTTNVE 700    VPOT(NN,2)=2.IVPoTtNN,21
    TZYO KTTEIZYOTAI KARANO POTENTIAT,
    Al=WAVEFU(2.1,1}--2
    vS2p8VTA(l:'rliiZ"2po'41;k12).AllA21A2-(24.IA2.-3.-o.-Exp(-s2,eR)VR-T•xp(-

                    .1lt2-R.R-R)1    IA2-R)-(18./A2!A2.6
     Do 8eo r=1,2
     Do SOO J=l,2
     Al=WAVEFU(3.1,I)-VltVP.FU(3.1.J}
     C2.'s\?'.E,r:i2"2,.'RR:tXljrilS7;;7:l-(24.!a2-3..(i.-Exp(-A2-R)vR-Exp(-

    IA2.R)t(IS.XA2!A2+6.!A2tR+RtR))
 eoo coNTINvE
    AIÅ}VAVF.FTT(2,1,1}.vAVEFU(2,1,2)
    ,liiil:/"g?:,iiy2p,eSli:tll?ii:i2-;b:)!a2-{6.iA2!A2.(i..Exp(+A2.p)v.....c

    Al=WAVEFU(2,1.2)-WAVEFU(2,l,2)
    C2p'5\?"NNEr:l:";641;:,2).Al!A2!A2-(2.!Al.o.-Exp(-A?.R))/R-Exp(-A2-R)

    1)
    VPOT(NN,2)=VPoT(NN,1)-VPeT(NN,2)
     POT eF INELA eVARI MATA)tArA GeKUROSAN
     Do 900 1Å}l,2
     no goo J=1,2
     ftl::2U:g:Ill;IB::2;:gt'8151;l

                       .3.-AllA2!A2-(8.!A2-].-(1.-Exp(-A2-R))IRIR-t    ig?9::>XX>R:I?9:gi{:Xl
                       -EXP{-A2-R))
 900 CONTINUE
    VPOTE!CNN)sVPOTEICNN).1.54374SS
 500 CONTTNIJE
     WRTTE(6,5000}((T,RADTAL(I),VPOTEI(Il).T=1,NSEK,10)
sooo FoR)tAT((4(r7,2F,13.41)

     RETVRN
     END

SUBROIrTINE BESSEL(NPP)
fi:M:fP,N,1,H,i•ifr.J(300,2},FNEtT(3oo,2),RK(L,),

RtRKtJ)
FJO=SIN(R)!R
EJT=(STN(R)!(R)-COS(R))!R
FNEVO=-COS(R)XR
FNEUI=-(Cos(R)IR+!IN(R))IR
IllUlf,l:F,lil?

"'NEU(1,J)=FNE{10
FNEql(2,,i)=ENEUI

KR(2)



L

vpa
o

l

eos8s
oo5B6
oes87

•o05B8
o05B9
eosgo
O0591
O0592
ooS93
oo59ij
eos9S
oosg6
OOS97
OOs98
ooS99
O0500
oo6ol

 oo6o2
 oe6e]

oo6o4
o0605
eo6o6
o060T
oo6oS
oo6e9
O0610
oo6LL
O0612
ee613
O0614
oo6!5
O0616
o0617
O061B
oo619
O062C)
O0621
oo62L}
o0623
oo624
oo625
oo626
oe627
O0628
oo629
o0630
O0631
O0632
oo633
oo634
oo635
ov6]6

o"637
o063H
oo63Y
oe64o
O"b4]
oo6tl2
oo6"3
oo644
{)obh5
oo646
oo647
ut){}"s
[)o6tly

oe6so
"06sl

200

]oo
100

::81:kN:8?R"{g,,N?p)

KR2.KR(J}-1
DO 200 KRIpt3,KR2
:ik:,g=?':imv!IB"SZ6:?1,irlP,3illrE,?St:,,.i!R

EJosFJI
PJItFJ(KRI,J)
PNEVO=FNEUI
FNEVIiFNEU(KRI,J)
CONTINUE
DO 300 KRIsKR{J),NPP
FJ(KRI,J)=1.
       ,J)=1.FNEV<KRI
eONTINUE
CONTINUE
RETtRN
END

   :U,.B:g:7i,N,I!g,E(S,E.L,lSl•1•"kb,NP(:g,,,),,,(,),..(2)

   Do IOO J=1,2
   R=RK{J        )
   FJOsSIN(R)!R
   FJIs(SIN(R)!(R)-COS(R))!R
   FNEvo=-ces(R}!R
   FNEUI=-{CQSCR}!R+SIN(R})!R
   :U:gl:.;go,

   ::::U;gl:gx::?

   K,R,[gl:X'"g{,.(,},Npp}

   KR2sKR{J}-i
   DO ZDD KRI=3,KH2

   FKRI=KRI ,   p<S:7tftfl]ggJ-gxS:6:?:5Ik'tfilrF,fl(#...ifR

   FJo=FJI
   FJIsFJ(KRI,J}
   FNEUe=Y'NEUI
   FNEVI=FNEV(KRI,J)
20a CONTINUE
   TF( r.C,E.])GO TO L50
   DO 300 KRI=KR(J),NPP
   ENEV(KRI,J)=O.
   FJ(KRI,J)=o.
100 CONTINUE
i.50 CONTINUE
100 CeNTINUE
   RETVRN
   ENP

   SUBROUTINE []IRACI
   COMMON!WAVPeT!POTF.(L,]),WAVEFU(7,2,2}
   coMMoNlzzB!ZBE{4,L)
   De loo 't=L,4
   De IOO J=l,2
   ZIiE(I,J}=O.
10e CoNTINr:E
   [}o 200 1={,'l
   l)O 200 J=1,2
   ZHE(1,J)=ZBE(1,J)+PUTE,;(1,1)
   zHE(2,J}=zHE(2,J)-PoTE(1,I)-poTE(2,r)
   Z,://1itl;l::B:IEIliil:9,P,T:SIB::glP,};]ihl:eO,TY'g?•r)/P-•

:.iO" CONTINUF.
   zHEC2,2)='].f8.-wAvb/-'lr(2,t,1)-wAvb:Ev(2,l,1)-vAvEFu(2,2 ,l}"-{-4.)+4.

-Vb r) •.

o{ 7h r) 'i

['/ )h 7) /l

/-{tSF)

[/c)er]b

v-t,5'e
"t bh r]8

tH:b5t)

oo6h[)
eoehl
oo66:,
ooh63
O{)hb,ll

"et,65
{)o6b6
oo"C]7
eob6s
t)eb6()

oohTO
{:obTL
eo(hT:.i

c]o6T'l
eobT,'i

oot]T5
ool)T{)

{mbTT
on"7H
oof)79
oe68o
d)o()s]
(xrf]B2

oof,H3

OC)bHfa

oo6es
oo6B6
no6a7
O0688
Oo6sc)
O0690
O0691

Oo692
oob93
oo6ga
oo695
O06Y6

oo6P7
oo6{)e
oe699
oo7oo
O0701
O0702
UD7{}1
Oo7etl
O0705
oo7o6
O0707
O0708
O070Y

o{)7t"
O0711
{]071 L,

oo7]3
"071"
O07)5
O0716

   po ]OO l=l,L)
  ,izi,ggi,lO,•ll]l-teSL:+,laS;1)YXk:gF(-

  L':t,;?f, 1] E, I S' l, Li, larl S;:Ke Ewt i • i

's{}c] coNTINue/

   RETVRN
   END

lo<]

] e)C)

2ou

t")e

5ol
5o:t

]oo

Soo

650

"ocj

il"ii.X,'fi,3!IEL,iErlili•llalw:EC/riitilfiiilli-12V:A:'uLIiii(iliil',•1"?,X{i:{iii;•;lt•rr•S"'+

'• :lril',YX//l-' i(•(ldlJ, l;IV?;X:[e.f.i]61,t }, sc

              ', )}WAVEFU(1,1,J)fl.

S[]BHOITTINE J)IRAC2(LL,i,'EF)
U,OMMON/PPI1AI/PHAI.{2,4,2},AMPI.C2,tl,2)
COMMON!ZZB!Z"E(4,2)

                   ,2),AMPO(2,2}FeMMONfPPHAIO!Pl{AIO(2
[1,9M.".g:5X,k!,L,S2,;ZX(/i•gNF•RG!ENERGy(2)

tSi"li.}it..,

L(2,1)=-LL-J
 L(2,2)t-LL-2
 IF(LL) 100,i50,200
 L{l,2)=1
 L(2,1)=1
(;O TO 20o

 r.[1,1)=+l
co To 20o
CoNTTNITE

 Do 300 I=],2
 S)o 400 J=i,2
 PHAI(I,t,J)=-ZnE(1,J)!FLeAT(L(I,J))
 CeNTI NUE
 De 3eO J=l,2
 PHAI(I,1,J)=ARSINCPHA:(1,1,J))
 TF(PHAI{I,],J)) 501,502,502
 PHAI{I,i,,})=j.141J926S4-pHAI(I,i,J)
CONTINUE
PHl=YIA[(I,J,J)
FLL=FLOAT(L(I,J))
::ft:llg:J,llYe::fiI[l),"Z,g9SgifilpC,?iS71,lt21tSpfifti?;L,:r:ggS;:,'B,,,

 PHAI{I,3,J)=PHAI(I,],J)12.f(1.-FLL-COS(PHI))
1)HAI(I,4,J)nt2.-PHAI(I,j,J).SINCPHI)-(1.-2.-ELL-PHAI(I,2,J>)-2.-PHA

ib,`Xi?*r,iM):}fi:l7"rS99$\tlrS;il;e63,deF:s;pHAi(i•2•JmzBE(4,J)

AMP[[I,1,J)sAMPL(I,J,J)- AMPO(I,J)
AMPLCI,2,J>=CFLL-FLL-ZBECI,J)-ZBE(1.J)Y-O.5
::;tg;e::l::x(,?:ll:Si;::k?;:",Sk'lie,•Skidl2,J)-i.).FLL-pHAi(i,,

1,J}-SIN{PHi)
CONTINUE

 DO 500 !=,1,2
 bO 5eO J=1,2
 PHAI(I,i,J)=PHAI(I,1,J)!2.
PHAIO(1,J)=O.
CONTINUE

 [}O 600 T=l 2
bO 600 J=1,2
De 6so K=1,4
FK=FLOAT(K)

 PHAIO(1,J)=PHATO(I,J}+(.1.EXP{HAEA{1)))--(PK-1.}-PHAI{I,K,J}
CeNTTnvE

]tVYeS;.ASIJIft::"(IT)silS)ITrlrEis::tl)::kllg,TS:inR:p,i?s?A(i>))+AMpL(i•3•J

CONTINVE
RETURN
END

1 lrHReVTTNP] LVN{IE(LL,NPN ,NE EK)
[}] MF.NSIoN nF;LTA(4 ) ,                OELAMp(4}
COMMON!HHAHAfHANA(tl)!KKA1 9. UIKAI S. U(4}
coMMoN!RRAImLIRAInug, (6),RAmAL(loooO)IEENERGIENERGy(2}



l

pao
l

oo717
eo71s
oo719
oo720
oo72i
O0722
O072)
oe724
O0725
O0726
oo727
co728
O0729
oo730
O0731

O0732
o07]3

oe734
oo73S

oo716
oo737

O073S
o0739

O074o
OOT-+ 1

O0742

oeT41

O0744

oOT45
oOT46
o074T
ooT4e
O07li9

oeTso

ee751
OOTJ2

oOTS3
oo7s4
O07S5
oo7S6
O0757
OOTSti
O0759
OOT60
O0761
OO?62
ObTb3
oe76k
eo76s
Ot)Th6
l]oT67
O07bti
Ou769
o"TTe
OOTTI
UeTT2
o0773
OOT74
O0775
oeT76
O0777
OUT7H

O0770
OOTSO

{)07Rl
on7"2

O"78'J
uo7etl

o"7SS
O{,7H6

   CO)OK)N/)tATR:X/FItkTR;C{2ooO,2,2,2)IVVPOTfVPOT(10000,2),VPOTET(10000}
   ggms:f:r,:7r/ l(sc,,}52,,•.,,2•':9/Oma') ,(,,2},.,,.,(>,2)

   LLItLL+1
   Kxx#1
   KAI.i
   tns-1"Isv(r)
   HA]sHABA(1)
100 CONTINVE
   oo 200 IsKAI,KAIS
   DO 300 Jtl,2
   oo JOO Xsl,2
   PLtnOAT(L{K,J))
   PHAtPHAJO(X,J)
   DELTA{1)=FL.SIN{2.-PHA)+RADIAL(O-(-VPOT(I,J)+ENERGT(J)-COS(2.-PHA
   i)}
   S.I:,I31iS;•".,,Åí]!E::':•etP,f:::L,R.Act]ltbogzalrsiA}x+e".:ek{,i;B)i2•'({'"po

   DELTA(2}=HAP-DELTA{2)
   DELTA(3)=FL.S!N{2.-PHA+DELTA{2))+(RADIAL(I)+RADtAL{1+1>}12.-((-VPO
   1•r{t,,J)-vpoT(1+1,,T))12.+ENpDavtJ)-cos(2..mlA+bELTA(2))}
   ::l:.Iftlll:iFiALE.;iDFilir;tS?)HA+DELTA(3)}}+RAmALo+])-(-vpoT(i+i,J)+ENERG

   IY(J}-COS(2..(PHA+DELTA(3))))
   nvl,TAtt-1=HAp-nETTA(t-)
   pHaln(K,J)=paAln(K.Jl.(nET,TA(i}.2.-tnELTA{2).DELTa(3}).DErTAt4))!6
  1.
   nELsMp(1)=-pT,-cnc(2.-pmHA).RADTAL(ls-glN(2.-MIAI
   OELAMP{21=-FL`COS(L)..P"A.DELTA(1))--(RADIAL(l)+RkDIAI.{1+1)}!2.-SIN(
  1 2.- PHA+DEI.TA(1))
   DELA"ff,(3)=-FL-COS(2.-PHA+PEI.TA(2))-(RAP]AL(I)+RAD]AI.(I.1))12.-SIN(
  1(2.      .PHA+DELTA(2}))
   DELAMP(4)=-EL-COS(2..(PHA+DELTA(3)))-RADIAL(I+])-SIN(2..(PHA+DELTA
  i3)))
   AMPO(K,J)=AMPe(K,J)+HAn-{DELAMP(1>i-2.}(DELAMP(2}+DELAMP{3)}+DELAMP
  IC-))IS.
300 CONTINLE
   IP(Lt.LT.O)GO TO 270
   DO 2SO J=1,2
   Do 250 K=l,2
   IF(AMPe(K.1).LE.-170.)GO TO 2Sl

   iiX,::}S;kk:s:a:}l?:tlrll:klEf.•.J6;lt?l;Se:po(K•i))-cos(pHAio(K,

   IF(AMpo(J,2).LE.-170.}Go Te 2Sl
   FMATRx(LLI,K,J,1)=FMATRx{LLI,K,J,1)+Exp(AMpo{K,1))-eOS{PHAIe(K,1))
   lt VPOTEI(I}.EXPCAMPO{J.Z)tCOS{PHAIOCJ,!))tHABtRADIAL(I]
251 CeNTINVE
2SO CONI'INt'E
270 CeNTINUE
   2:;IUI;Ill;.A.M,aj,titil2,

   ft:P,l811IB::ww:;8itl:B:E:gl ;:ftlgiSl;IY,R,A:lfttlB

200 CONIINLE
   vRll'E(6,noe}
]100 FORMAT(5H R=IS)
,,,. VR] T:S6,,•,,i O.O( ekl gelltl :Åíl fi B gl gl ,2),J-i,?),((AMpo(i ,J),i=i ,2),,.i,2}

 210 CONTIME
    KKK?=KKK
    KKKÅ}KKK+1
    XAI=KAI +KAI g. U(KKK2)
    KATItKATS +KATSU(KKK)
    HAP=ilABA(KKA)
    DO SOe I=KAI,KAIS
    DO 40e J=1 2
    DO "OO K=1 2
    Fl=FLeAT(L{K,J))
    PHA=PHAIO{K,J)
   iill'i;1'/t,e/lll'[tl•/T,/i'I?Fi•isi'/l,li1+ii?t5•:,5:•ii•l•ll•!;,"il`,iiliiM.:;,"{;Ii:?:,`2.;:",:.',

i•i131i,lilllili,lll,lll•liiil•Ii)il,i•liif•liii•ili'iii'lill•ill'i'S•tlliiE",I'ipliiiiilRiA:•ifiiilli,ii,llii,iilllll'

   [il l ::',IUI::: :llt'l, t: ::llft Y):t;'IN `) ViA'k;l k'{ IeYtRArn At(i+i ) )-L' •-si N(

oo787

O07SS

eo789

O0790
O0791
OOT92
O0793
oo7g4

eo79S

oo796
o0797
O079S
o0799
ooBOO
OOSOI
ooeo2
oOS03
ooselt
oo8eS
oo8o6
oedo7

eoSo9
o08iO
OOBII
ooB12
O0813
oogl4'

OOSIS
ooS16

O0817
oe818
ooS19
oo82o
O0821
OOS22

OOS23
ooS24
o0825
O0826
O0827
OOV2B
ooe2g
oCS30
O0831
O0832
ooa13
ooe34
ecF]5
oOH16
oOS37
oOS3S
ooS39
oov-t o
OOSt+1
ooY'42
[)cs•1 'l

ooH!lll

ooSl15
ooHSI6
"oS 'A 7

ooli4s
"OHI")
[if}H r)o

b"sr)]
ooes:)
Ouu t) • s

o{}Hrj4

C

4oo

350
]70

50o

1200

3000

12..PHA+DELTA(1)> d                 ..PHA+DELTA(2)ICRADIAL(I)+RADIAL(I+1))t2.-SIN( DEmxP(3).-FL.COS{Z
1:k:APHM;?:Y:ECE:3gs(2..(pHA.DELTA(3}))!RADIALa.1)-slN(2.-(pHA+DELTA

iktas/IK,J}.AMpo(K,J)+HAB-(DELAMpo}+2.-(DErAMp(2}+DELAMpO))+DELAMP

l(4))!6.
 CONTINVE
 rF(LL.LT.e)GO TO 170
 DO 350 Jtl,2
 DO 350 K=1,2
 TNATRX{LU,K,J,2)=FMATRX(LLI,K,J,2)+EXP(AMPO(K,1)}.COS(PHAIO{K,
ilk/4K:?:ZI(,2;tr,Yl$:SA:():Y,?25CD,IA}tSll{.),po(K,i})-cos(pHAio(K,J))

                   ,2))-COS{PHAIO(J,2))-HAB1-VPOTEI(r}-EXP(kNPO(J
CONTINUE
CeNTINUE

 kMPI(1,2,I)=AMPI(1,i,I)
AMPI(2,2,I)=AMPI(2,1,I)

                              ;:21gUl:Bf,RA,:l2118,AM.;i,Ulllll::l;ift:,1;:Ul;B:Eggi

CONTINVE
KKKI=KKK+1
A=RAPIVS(KKKI}
wRITE(6t120e)A,KAI,KAIS
::S\",?5t\,6gH,,?lnXr,•klgSr:.;)iSt:.i?l,flB,??.:C5?:liSi,:li,2),,.i,2)

IF(KKH.NE.4)GO To 210
Do 3000 M=l,2
::ftI:{. iSl:IM, l:l;-8:

De 3000 N=1,2
FMATRX(1,1,M,N)=O.
CeNTINt]E
RETURN
END

    SUBReVTINE REI(LL,LK,NPN,NPP)
    DIMENS[ ON CI(2},C2(2),C](2)
    l.EM,M:ill,il,i(,i,i,!"2,:i:,li?,:,g':,g`!g,?gl2),,,,{2),..(2}

   iC,O,:;?X6:]r;E4F,;-gl:Kils?g6,AA,2e!le6YMP(2000,2,3,2),BBMp{3oo,2,3,2)

 E(IfiKo,Kse) NT.IV8-UP ORUP'DOWN,,J,MAFNETIC QUANTUM NvMBvR,,KREAr. oR

    SICMA(N}=.O
    DO 50 M=12
    SHERM(N,M)=O.
 SO CONTTNVE
    DO 60 N=1,3
    DO 6e M=1,2
    bo 6o L=1,2
    PSC(M,N,L)=O.
 6Li CONTrNTIE
    I)O ,IOO M=1,3
    Ml=M-2
    nO 20[] LLI=O,LL
    LLLI=LLL+1
    F'LLÅ}Fl.eAT(LLO
    rF'(Ml)3oo,4eo,soo
3eO CONTINUE
   A[EC=Ag. SLEG(LILI,2)
   ALEGI=AS$LEG(LLLI,3)
   f"fi'li.!:-6i•61:,6`\8L;g6)!2`)•-•s

   l:l'•ii•!li/f,/rii'?l'ii.`l;y>'II':'lr'i911"i:it;s.;f;•i::.:

'l50 CONTINUE
   C](1}=O.
   CL(1}!e.
   CL,(Li).[),
   {iO Te h{)"
tl{)o c'oxlltcvel

   A]F/"=ASsTEa(ILLlt1)

'

IMAG



'a-
l

oeH55
ooe5"
eoS57
ouH5H
ooHS9
ooe6o
eoebl
ooHbL'
vovbl
ooHb4
oo8bs
eee6fi
ooBb7
ooebti
ooSb9
OoS70
ouB71
ooS72
oe873
ooe7t-
oo875
t}oelb

 oeS77
o{JRTS

 ooST9
 "osso
 noSHI
 t}eggL,
 OoHS'j
 oosstl
 eoS"5
 uuSS6
 oevS7

vos8R

ovSH9
O"S90
OUtitll

uoSY2
oeF93

oa891
ooegs
ooHg6
ooe{)T
"ovys
ooS99
oe9eo
n"t."JL

l)b9e2
oogOl
OOYOA'

vogas
t)o90h
f)o9o7
t)og"e
l)(lgot"

OO,)lt)

ov"11
(Jo`)12

l:t,,,tl

e"-tll
et,"tr)
l)f•-nh
l/fi,"17

t)"t)ts
"t,IIId"

tH:t"-1)

t)TJ,-lt

til}ti

4)t/[-

4-t,t"

'

.l

/l

dld ,i-:, r)

   '1[L,i.,:/;1}ll'IESII/il'l,'la'i/l•'iL!/liiil!,?1,'ili'i)l:111i,l:-,s

4So coNnNUE
   :,ilSl:O.:

   Go To 6oo
lso coNTrNuE
   :ll;l::1

   GD TO 600
'oo /i,/i,"ttilil"iili/,,IacIE,?l,,LL/l/X,I•2.,l,lc2.,);;.2,

    c2(1)sc2(1)f2.-..5
    1,FIYil):Il(;iEl}//?}}?,?5.0F.L-i.}).-.s

    //l( ',l:`( 'c litl'.KIIkl ..FLL-i•),'2•)-'s

eOO /i;ll/l,lil,l'li/il.ll,i.liiE,Il+lil,IFii,l,,'IV[ljiR-l \:: ;

    [}e TOt) 's"L.'-,
    F:{'(1,M,I)=pSC(],M,I)+tAAMV(LLLL,2,M,I
   tCt(/!)+BIIMP(l.LLI,l,M,1
   i:'ilS:;:Ek}?ll?.E(,!,Ir;,llSSgA,,.?rSL.kkAfit:ti

 7tn comlNvE
    qe To 62e
 ble CONTINUE
    r)O 710 I=1,2
    Ftc{1,M,1)=rsc(1,M,

    ICI(2)).ALEG
 7tO CONTINUE
 620 CONTINUE
 !,oO Cel11NUE
     Do St}U I=1,2
     FgEESI:IB::;;:Ul:Ill::i,:2:lglgl:

 Hoo CON'TINUE
     po YOO L=1,2
     t}e 900 N=1,2
     SI(;MA(M)tSIC.MA(M)+FSC(L,M,N).F5. C(L,M,N)
 9UV CONTI Nt'E
     SIGMA(M)=.SIGMA{M).5.329tl L,l-05
 loU CONTTNI'E
     FscCL',?,1)=-p.g'ct?,2,1)
     f'sc(2,2,:))t-Fsc(:),2,2)
     t)c tOoe Mtl ,3
     tm toOO x=1,2
     SHE.RM(•',,2)ssH}RM{U,2}+2.-FIOAT((-9"-K)-FSC(1,H,
     SHFRM(r`,1)=SHI'HY{U,])+2."FLOAT{{-i).tM-K))-FStl
    11-K}
 Ld)OT, CcYllNl F
     l)e ti]" 1t1p'l
     sTGMA(•1)islt;MA(!,)+sl"MA{'e)
 ("lt) ('ONTISq'1
     SHIRY(•U,LJ)!b'Hi"F,(!4,2)/sl{;MA(rt)-5.IL)!i9E"05
     -tlLltM{'t,ll=s"t/"M{k,tVfsl{',M.N(tl}-3,'i2rLgt-"r)

     HHrHN
     f.N1)

)-C2(1)-BMMP(LLLI,2,M,[)-Cl!C?)}-ALEX]
              1)-Cl{l
               t?IMI

}-Cl(1)-kAMP(LLLI,1,M,r)-

     )-HAMP(LLLI,1,M.1>"
    1)-C2(2}}-ALEfi1

I)+(AAMP{LLLI,2rM,I)'Cl(1)-AAMP(LILI,t,M,I)'

/1•rli,i•i:•!'()il:'li•,,),il;l'•l•l';ii'Z'lltll),ii)l'

i' tlM-tl•N! ,LAR,NMVY ,N ,NFII'(L"c " , , 'S

+tB,IMI,( ltH',/t,'i,/t)
t OYYf,N'fl ,tSepH !I ANt,; ( 1,)l ,, /.' ''

K)-FSC(2,K,j--K)
1,M,x).FscC2,4-M,

1]

,L, ,2V

,L' ,ItsMVt '}vV,:,'l,:),kBNI,t ltM),2,'),2)

o092b

ovV27
tlo[)2H
[)og L, ()

vog'lo
t)093t
O0932
o0911
c)l)'i'}t4

o0915
oOY3fi
oo()'IT
t)l)g3tl

:ggeg

OOYij l

o0942
O09tl3
c)"g!i4

uoy4s
eogU6
oog47
ooy4e

 oog4y
oo{)so
o09St

 O{T952
 eoY5)
 w95"
 oOf)5S
 euysb
 oOYS7
 OOY5U
 oe959
 oopt,o
 oog61
 oOV62
 [)(,t}t,'s

 "c}("(114

 [)u["65

D096b
O096]
O096S
O0969
oeg7e
oog71
O0972
O0973
O0974
O097S
O097b-
O0977
eeg7s
O0979
O0980

 oe981
oogs2
aega3

 O09S4
OD98S

 oe9B6
 O09S7

Ofi9B8
O09S9

O0990
fi"gs}l

O0992

O09Y3
noyg4
O099S
oe9pfi
O0997
n0998
oo9gg
olono

, ,,. (g? r,,ON)ISf?l<fii:RL(20,g;26P}[2g:liLEig:•fiila:\;:!:{2C:,• ik23, ,.,

      Llctth+2
      bo 1000 Nsl,NPP
      oo 100e NNil,2
      Do IOOO NNN=1,)
      oo 10eO NNNN=1,2
      R,E":P;iR•,N:il":":N:l'ww,l',il•,

  t"oO coNTINIpE
      tn 110e N=1,NPN
      oo aleo NNsl,2
      IK) 1100 NNN=1,'J
      in 110u NNNN=1,2
      AAMP{N,NN,NNN,1NNN);O.
  neg ceNT!Nuv.
      oo 10e I=1,2
      EXss-1,
      JJ=2
      IF(1.-]q.2)"o To 25(j
       JJ=t
       EXsst.
   2SO CONTINI'E
       oo ?OO J=JJ LL
       JI=J+l
       AJ=EtOaT{,J-1)
       IF(1.Eq,1){;o To j50
       Jl=J-•1
   /}5V CONI'INITE
       ft:;Ff8,O,ATSt;:B.(,,.,.(2"i-i))--s

       rF{J.GT.LK+3)Go To 310
       no joe KtJ,2
       1)o 3Qe M=s,z
       ::tl:l:1;l::S::t}Sll:IB;2g::l[J::l;lr:l:BIiSsXl;g:iD,LEkJSI::,tl

    'soo ceNTINIm'.
       f;O To 'S:)o
   'St" CoKTLNI F.
       oo 310 K=1,2
       DO 330 Mtl 2
       SML(K,M,1)#,O
       SDL{K,M,2)El.
    ]]o CONTINUE
    320 CONTINUE
       bpm=1
       MMM=3
       rF(J,EQ,1)GO TO 600
       c;o Te 7oo
    6oOCONTINUE
       MMny2
       ww=2
    7eg CONTINuE
       De 400 M=MM,M)"d
       AMtFLOAT(M-2)
       OO 400 Kny1 2
       EEXStEXStFLOAT{(-1)t.K)
       SFI=SBLCI.1,K).FMATRX(Jl,1,1,3-l)
       SF]=SDLCI,2,K]tFMATRX(JI,2,1,5-T)
       SF3-SDL{Z,1,K).FMATRX(Jl,1.2,3-I)
       SF4iSnL(2,Z,K)tFMATRX(Jl,Z,Z,S-1)
       AAMP{J,1,M,K)=EEXSIAL-((AJ+AM).(AJI-SFI+(AJItl.}-SF2)+(AJ-AM+1.)
       1"tA,11.SF5+[AJI+1.).SF4) )
        IF(J,GT.LK+5)GO TO 401
       BBMP(J,T.M.K)tEEXStALt{{AJ+A-a)t{AJ-A}4+I,)-AJIt{AJI+1.)>t.,S"(SFI-S
       IF2-SF3+SF4}
       BBMPCJ,r,M,K}=-BBMPCJ,I,M,K)
       ABMP{,],1,M,K)tEEXS/AL-{AJIt(AJI+1.1).-.St(-(AJ-AM+1,)t(SFI-SF2]
       1-{AJ+AMIt{SF3-SF4))
       H,XMP(J,1,M,K)-F.EXStAL.{{AJ.Mt}t{AJ-,NFI+1.))...S.{-AJI.(SFI-SF5)
       1-(A.;1.1.).(SF2-SF4))

40J
4eo
l""
100

ssoo

BAMP(J,1,M,K)F-BAFTP(J,1,M,K}
CONUNUF.
CONTINUE
CIgNTINUS',

CONTINUE
wRrTE{fi,lsoo}
FORMATf!11/IZ9H AJLNP NO ZERO
WRTTE{6,IOnO)t(AAMP(1,2 M.N}

PE
M.]

ARVBEKI
,3)N.1,

 ATAr)
2)



-en
N
`

eleel
O:O02
OIOOS
eloo4
OIOOS
OIO06
OIO07
oleoe
OIO09
elolo
OIOII
OIOt2
OIO13
OIO14
OIOIS
OIO16
Ole17
OIOIS
OIO19
OI020
OI021
OI022
O!02S
OI024
OIOIS
OI02fi
OIO17
OI02S
olo2g
OIOIO
OI031
OI032
OIOS3
OI034
OI03S
OI036
OI037
OI038
Ole39
OI040

OI041
elo4z
OI043
OI044
OI04S
OIe46
DI047
OI04B
el04g
OIOSO
OIOSI
OIOSI
elos3
OIOS4
OIOSS
elos6
el057
oless
OIOS9
ele6e
elObl
OI062
OI063
OIOb4
ole6s
OI06b
Ot067
ale6s
OI069
ele7o
oln7r
OI071
ele73
OI074
f,1O7S
nl07b
CI077
ole78
OI079
olnsn
olael

soee
3100
32oe
s3ee

zooo
16oe

3601

S60S

1fi02

3605

3604

l•IRIIil•iilliiii611ililitsli(Iil•il,ll-•'il•lilil•iiiSli•illi•

FeRMAT(IHO,6H AA)AP.,6EIS.S)
                       .5)FelOeAT{IH ,6H BSMP-,6EIS
FORMAT(IH ,6H BAMP#,6EIS.S)
FORMATCIH ,6H ABMPt,6E15,S}
no 2ooo M-1,3
DO 20ee Ndl,2
AAMP(1,Z,M,N)tO.
BAMP(1,1,M.N)sO.
BBMP(1,2,M,N).O.
BAMP(1,2,M,N)-O,
BSMPCI,Z,M,N)dO.
ABMPCI,2,M,N)40,
BBMP(2,2,M,N)-e.
ABMPC2,2,M.N)-O.
CONTINUE
FORMAT{12Ell,3}
WRrTE(6,S601)
:RrVt?E?Il6aet!l)?I)((AAMp(L,I,M,J),J.1,z),Mtl,3),Itl,2),Ltl,LK.z)

WRITE(6,3605)
FORMAT(IHO )"RITE(6,1600hJ((AAMPCL,I,1,Z),I.1,2},L-LK+3,LL)
WRITE(6,3602)
:R?\teE?g??6aoBM)??l(ABMp{L,I,M,J),J=1,2),Mtl,s),I-1,z),Ltl,LK+2)

WRITE{6,5603)
llR\\tCE?g?Il6gCt)l?I)((BAMp(L,I,M,J),J-1;2),Mil,3},Itl,z),Lsl,LK+o

WRITE(6,3604)
liR}V,2I:eU,::l?R(,,,p(,.,,,,,),J=i.2),M-1,s),i-i.2),L-1,LK+2)

RETURN
END

     SUBROUTINE TAE(LL,NPN,NPP)
     DIMENSTON VPTEI(2eOOO)
     DIMENSrON FMTRXC]OO,2,Z,Z),FMTRXI(300,2,2,Z)
     COMMON/HHABAIHABA(4}
     COIeMONIWAVPOTtPOTECI.3),WAVEFU(3,Z,Z)
     COMMON/BES/FJ(100,Z).FNEUC500,2),RXC2},KRC2)
     COMMON/SCDLISINDLC30e,2,2),CeSDL{300,2,2),SCSq(500,2,2)
     COPgMON/MATRIXIFMATRX(2000,Z;Z,2)
     COMMONrRRAbALfRADIVS(6)
     COMMONIFKF/FK(2)
     N99=20000
     LKsLL
     De 60 I=1,NPP
     DO 60Jtl,Z
     DO 60 Ktl 2              '     DO 60 M-1 Z
     FMTR]1(1,J,K,N)=O.
  60 CONTINUE
     N=4
     HAB=1,fFK{1)141,9S8
     IFfHAB.LT.HABA(4])GO TO 70
     GO TO SO
  70 CONTINVE
     h'RITE(6,90)
  90 FORM,NT(1/ZO(ZH .),,22H CAUTION TAE INCORRECT,20C2H .)
     HAB.HABA{4)+.Ol
  SO CONTINUf,.
     ,XA ={HABfHABA{4}) ..{1.XFLOAT(N))
     RAn`CRtLnlUSC6)-RADTUS(5)VC,X,V.N-1.)t(AA-1.}
     NN=INT(RAb/}fABA[4)XAA)
     HAB-RAD/FLOAT(NN)
     NNItt1
     NN2gl N
     WRTTE(6,110)NN
 110 },ORMAT(lflgH T,XE SEKIBVN KArSU,IIO/f)
     ,JIi1
     RAnl.RADTIIS(S)
     IF(NN.C;E.NE9)CO Te 4eOO
     {;e To 4Tno
•1 or)O CONTTI UE

     WRTTEC6,4200)

O]OS2
Ole83
OI084
OIOSS
OIOS6
OIOS7
OIOSS
OIOS9
OI090
OI091
OI092
OI093
OI094
OI09S
OI096
OI097
OI09S
OI099
OllOO
OIIOI
OII02
Oll03
Oll04
OllOS

ell06
Oll07
Oll08
Oll09
OlllO
OIIII
OIIIZ
OII13
Oll14
OlllS
OII16
Oll17
OlllS
OII19
Ol120
OllZl

Ol122
Ol123
Ol124
Ol12S
OI126
Ol127
Ol12S
OII29
Ol130
el131
Ol132
Ol133
Ol134
Ot13S
OI136
Ol137
Ol138
Ol159
Ol140
Oll41
Ol14Z
OI143
Ol144

Ol145
Ol146
C]1l47
el14S
OII49
nllse
OllSl
Ol!S2
ClllS3
allS4
OllSS
ellS6
OllS7

  42oo FORMAT{10X,31H CAUSION?? VPTEI DIMENSION OVERJ
      Ge To 12oo
  -leo CONTINuE
  4oO CONTINUE
      DO SO 1.1,N99
      VPTEI(l).O.
   so CONTINUE
      DO 2000 I.1,NPP
      Do zeoo Jtl,2
      DO 2000 Ktl,2
      DO 2000 M.1 2                 '      FMTRX(r,J,L,M)iO.
  2oeo coNTrNuE
      DO 100 I-NN; NN2                 '      FFt-FLLiATCI)
      R.RADI+HABtFFI
      RK(1)tR tFK(1)
      RX(2)iR .FK(2)
      CALL BESELI(LL,I,NPP)
      DO 500 J-1 2                '      DO 300 K.1 Z                '      AlsWAVEFUCI,1,J)tWAVEFU(3,1,K)
      AZ.WAVEFU(1,Z,J).WAVEFU(5,2,K)
      VPTEr(1).VPTEI(D+3..Al/AZ/A2 .{S,/A2M3.tCl.-EXP(-AZ.R)}IRXR-(S.
     IfAZ/AZIR+4./A2+R}tEXP(-AZtR))
  3oo CON[INUE
      VPTEI(I)iVPTEI(T).1.S437488
      DO 200 Ktl Z               '      JJil
      IF(K.EQ.2)JJ#2
      bO 200 J=JJ,LL
      JItJ+1
      IFCK.EQ.Z) Jl=J-1
      FMTRX(J,1,1,K).FMTRX(J,1,1,K)+FJ(J,1).VPTEI(I)-FJ(Jl,2).R.R
      FMTRX(J,1,Z,K)tFMTRX(J,1,2,K).FJ(J,1).VPTEI(I).FNEV(Jl,2)tR.R
      FMTRX(J,2.1,K]tFMTRX(J,2,1,K]+FNEU(J,1)"VPTEICr),FJ(Jl,2)"R.R
      FMTRXCJ,2,2,K)=FMTRX(J,Z,Z,K)+FNEU(J,1)-VPTEI(I).FNEU(Jl.Z)tR.R
  200 CONTINUE
  100 CONTINVE
      DO 300e J=1,LL
      OO 3000 I.1,Z
     DO 5000 Ksl,2
     DO 3000 M=1 2                ' 3oooE::\lkEl'I'K,M)=FMTRXI{J,I,K.M]'FMTRx(J,I,K,M)'HAB

     HAB=HABtAA
      RADr-RADI+RADtAAt-(Jl-1]
     WRITE(6,3100)R,RADI
 3100 JFOI5tJ:"III(IH ,3H R= ,EIS•5, 9H DE OWARI,3H R=,Els.s,lzH DE HAJIMARu)

      IF{JI.NE.S)CO TO 400
     WRITE(6.3JOO)
 3300 FORMAT(IHO,6H FMTRXI=)
     WRTTE(6,3200)((({FMTRXI{J,I,K,M),Itl,2).M=1,2,J=1,LL+2)
 j200     FORMAT(aEiS.                 s]
     DO 1000 N=1,Z
     JJrl
      IF(,N.EQ.Z] JJ=2
     DO 1000 J;JJ LL                 '      J. Jrl
      iF(N,EQ.Z),]IiJ-1
     PO 1000 I=1,2
     DO 1000 K=1.2
      FMATRX(J,I,K,N)iFMATIt.,{J,I,K,N)+COSDL(J,T,1)tCOSDLCJI,K,2)'
    ie[IIi/:,l.Ii,,;Iil,ll•INfl,iil,r/l,YXili:lq\R???SJ,li:ill:gYfoRli,SIiiS;}i8g,,,,,,

1000      CONTJNVI/
      FMATR](1,1,1,1]#.O
      P-wwl•Iliiiilsl:[: L•

      FMATRX(2,2,1,2Tt.O
     vp.,a
     I}O S400 J.1,]
     nO-540n Itl,2
,,,, [cEi'S"t•II'I'iil•L:1•i•:•:•;•:ft\i;yf::,i:,Ji

     vp.vptl.s43;4as



t

-aco

OliSS
OtlS9
OllbO
allbl
Ol162
Ol163
Ol164
Ol16S
OI16b
Ol167
ol16e
Oll69
el17a
OllTl
O!17Z
OI173
Ol174

Ol17S

Ol176'
Ol177
Ol17e
Ol179
OllSO
OIISI
OtlS2
OllS3
OllS4
Ol18S
OIIB6
OllS7
OllB8
OllS9
Ol190
Ol191
Ol192
Ol191
Ol194
Ol19S
OI196

S200

SIOO

S300

ssoo

seoo

1200

 CeNTINUE
 LL-LL+1
 M-1.
 BBtl,
 DO SIOO J-1,LL-2
 FJI#FLOAT(J)
 AAtMnFJIX(FJI-.S)
 BB-BBtFJI/{FJI-1,5)
 CONTTNUE
 AAiAAI(FJI+.S)1(FJI+1.S)A(FJI+1.)1(FJI+2.S)
 BBsBBICFJ]-.S)1{FJI+.S)
MleM

 BBI=BB
 LAL#LLtlD
 po s3eo J-1 LAL+2oo           , FJI-FLOAT(J)
 AA-AAA(FJi-,S)IFJI-CFjl+FLOAT(LL-l})/CFJI+FLOAT(LL-1)+1,S)
IA(FK(:)/FK(1))ntZ
 BB=BB"{FJI-1.5)/FJI-(FJI+FLoAT(LL-])-1.)1(FJI+FLOAT{LL-1)•.S'
i.CFK(2)/FX(1"tt2
 AAl#AA1+AA
 BBI.BBI+BB
 CONTINUE
 AAItAAItVPt(FK{Z)IFKCI))""LLIFX{1)
 BBIt-BBI.VPftCFK(Z}fFK(1))tkCLL-2}XFK(1]
DO SSOO Itl 2           ' oe ssoo J=1 2           ' FMATRX(LL,I,J,1)tAAI

 FMATRX(LL,I,J,2).BBI
 CONTINUE
 IF(LL.GE.NPN-S)GO TO S600
ABIsAMAXICAAI,BBI)

 IF{ABI.GT.10E-4)GO TO 52ee
CONTINUE
ima'ftl[i.E:i,;};llil:iFma'Tftl(tE:l;l;};il

FMATRI(LK+2,i.i,2)t-FMATRX(LK+2,1,1,2)
 FMATRX(LK+2,2,l,Z)=-FMATRXt'LK+2,2,1,2]
CONTINUE
RETUR.N
END

t
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