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First-order many-body theory has been used to calculate electron-photon coincidence parameters
for the 4s'[ z )~('P~ ) and 4s [ z ]~('P~ ) states of argon, for the incident electron energies of 16, 20, 30,

SO, and 80.4 eV. Consequences of the spin-orbit coupling in the target @tom upon the interpretation
of electron-photon coincidence experiments are discussed.

I. INTRODUCTION

The radiation following electron-impact excitation has
an anisotropic intensity distribution and is polarized due
to the preferred direction of the exciting electron beam.
In the early experiments of Skinner, ' Skinner and Apple-
yard, and others, the angular distribution and polariza-
tion characteristics of the radiation after electron-impact
excitation were studied. The theory was initially
developed by Oppenheimer and Penney and extended
by Percival and Seaton. They showed that information
about the magnetic-sublevel integral cross sections for the
level excited by the electrons could be obtained from the
experiments. Electron-photon coincidence experiments
(EPCE) are a refinement of this technique.

Imhoff and Read' suggested that electrons be detected
in the forward direction in coincidence with the emitted
photons in order to simulate a "threshold excitation" situ-
ation; this experiment was later performed by King
et al. " Pochat et al. ' used the coincidence technique to
measure the relative differential cross sections for the ex-
citation of one level which strongly overlaps another. The
most common theoretical analysis of EPCE comes from
the works of Rubin et al. , ' Macek and Jaecks, ' and
Wykes. They showed that direct information about the
scattering amplitudes can be obtained from EPCE. This
experiment was later performed by Eminyan et al. ' ' In
this case, the observed radiation comes only from atoms
that scattered the electron in a well-defined direction.
The Macek-Jaecks formulation was used to extract two
parameters I, and J from their experiment on the 2'P ex-
citation on He. The calculation of these parameters,
which are defined, respectively, as the ratio of the dif-
ferential cross sections for the magnetic sublevels and as
the relative phase of the scattering amplitude for the mag-
netic sublevels, provides a stringent test of the validity of
theoretical models. Another method was used by Stand-
age and Kleinpoppen, ' who measured the Stokes parame-
ters of the light emitted in the 3'P +2'S decay of He in-

coincidence with the scattered electrons.

A large number of EPCE were performed for various
levels of helium, ' ' neon, ' argon, krypton,
mercury, sodium, the hydrogen atom and mol-

ecule, and the nitrogen molecule. The experimental
situatiori up to 1979 has been reviewed by Mcconkey. '

For the general case, Fano and Macek introduced four
quantities, the alignment and orientation parameters,
which separate geometrical and dynamical effects and are
averages over the density matrix of the ensemble of excit-
ed atoms created by the collision and selected by the coin-
cidence circuit. In the pure I.S-coupled case, these pa-
rameters are not independent and can be expressed as
functions of only two parameters, for example A, and X.
Blum and Kleinpoppen reformulated the theory in a
scheme that uses the density matrix " in a more transpar-
ent way.

The experiments have been conducted in one of two
ways: (i) in the electron photon an-gular correlation -experi-

ments, the electron scattering angle is fixed and the num-
ber of coincidences per unit time are counted for a whole
range of the photon-detector angles, irrespective of the
spin of the electron and of polarization of the detected
photon and (ii) in the electron photon pol-arization
correlation experiments the coincidence rate is measured
at a fixed photon-detector angle and the polarization
characteristic, such as angle of linear polarization and
direction of circular polarization, are changed. The in-

cident electron beam is unpolarized, and there is no spin
analysis of the scattered electrons. The theory for the case
in which the incident electron beam is polarized has been
formulated by Bartschat et al. In addition, Macek and
Hertel showed that the Pano-Macek orientation and
alignment parameters can also be obtained from experi-
ments measuring superelastic electron scattering by laser-
excited atoms. Thus, the interpretation of these experi-
ments is also affected by our analysis.

In the present study we investigate some of the conse-
quences of spin-orbit coupling in the target atom upon the
Pano-Macek orientation and alignment parameters and, in
general, upon the interpretation of electron-photon coin-
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cidence experiments. We shall discuss parameters that
are equivalent to those of Fano and Macek but which
show the spin-orbit effect in a more transparent way.
These parameters obey a rigorous selection rule at scatter-
ing angles of 8=0' and 180', allowing a clear distinction
to be made between the LS- and spin-orbit-coupled cases.
We report numerical results in the case of the excitation
of the 4s [—', ]i and 4s'[ —,

'
) i levels of argon using the first-

order many-body theory (FOMBT) of Csanak et al. ,
with the inclusion of the spin-orbit interaction in the tar-
get states. This theory has recently been applied to the
calculation of the differential cross sections (DCS) for the
lowest four excited states of Ar. The FOMBT is a form
of the distorted-wave approximation (DWA) in which the
distortion potential for both the incident and scattered
electrons is the static-exchange field of the ground state.
First-order many-body theory results for the 2'P level of
helium and the 3s[—,']i and the 3s'[ —,']i levels of neon
have been reported by Meneses et al. and Machado
et al. ,

' respectively. Balashov et al. have published re-
sults of a distorted-wave calculation but in an LS
coupling scheme. Our present results are compared to the
experimental data of Malcolm and McConkey and Po-
chat et al.

The plan of this paper is the following: in Sec. II we
define the fundamental concepts to be used in interpreting
the electron-photon coincidence experiments; in Sec. III
we discuss the new parameters for the spin-orbit-coupled
case, the simplifications for the LS-coupled case, and the
selection rule which allows us to distinguish between LS-
and spin-orbit-coupled systems; in Sec. IV we give a short
description of our calculation for argon; and in Sec. V we
present the numerical results obtained for argon, a com-
parison with experimental results and other theories, and
our conclusions.

II. THE INTERPRETATION OF EPCE:
THE FANO-MACEK FORMALISM

A. The coincidence rate for an arbitrary state
of polarization: The Fano-Macek source parameters

In this section we review the fundamental formulas and
concepts to be used in interpreting EPCE. In EPCE the

I

electron-photon coincidence rate measured is proportional
to the square of the dipole matrix elements averaged over
the ensemble created by the collision:

Ice+(I(f le* rli)I },

e—:(cosP,i sinP, O), (2)

where P=0 corresponds to linear polarization and
P=+ir/4 to right and left circular polarization.

In a next step, Fano and Macek write the r-dependent
terms as a function of averages of first- and second-order
tensors constructed with the total angular-momentum
operator J = (J&,J„,Jg). These averages are then
transformed to the collision frame which has the z axis
along the direction of the momentum of the incident elec-
tron and the [xz] plane defined by the momenta of the in-
cident and scattered electron. The notation J = (J„,J&,J, )
and the superscript col indicate quantities defined in this
frame.

For an LS-coupled system (e.g., helium), J refers to the
total orbital angular momentum. For a system like argon
J refers to the total electronic angular momentum. For

both spin-orbit- and LS-coupled systems, the eigenvalues
of J and J, aie good quantum numbers.

The resulting formula for the coincidence rate can be
written (Fano and Macek' corrected by Briggs et al. )

where g indicates summation over all the values of the
my

final-state magnetic quantum numbers mI, ( } indicates
averaging over the initial m;, e is the emitted light polari-
zation vector, and r is the transition dipole operator of
the atom.

Fano and Macek take advantage of the simplicity of
the definition of the polarization vector in the detector
frame and obtain simple forms for the description of the
state of polarization and for the coincidence rate using
e* r in this frame Th. e detector frame has coordinate
axes denoted by g, il, and g. g lies along the direction of
the emitted radiation, g and il along the major and minor
axes of the polarization ellip'se, respectively. In this frame
the unit polarization vector is given as

(2) ~

I(8,$,$;P)= —,
' CS 1 — [Ao"—,

' (icos 8 1)+A i~+ —,
' s—in28cosg+Az+ —,

' sin 8cos2$]
2

+ 23 ~ (Jg &Jf ) I A 0"—,
' »n'8 cos2$+A i~+ (sin8 sing sin2$+ sin8 cos8 cosp cos2$)

/

+A 2~+ [—,(1+cos 8)cos2$ cos2$ —cos8sin2$ sin2$] ]cos2p

+ 2
"' '(j&~j/)& i" sin8 sing sin2p

C=e wy, /2irc R (4)

where 8 and P are the polar coordinates of the photon
detector, and f denotes the angle between the positive g
axis and the direction of the linear polarization. C and S
are constants defined by the formulas

I

with w/, the frequency of the emitted radiation, c the

speed of light, and R the detector's distance from the
source atom, and

I Jyllrllj;& I'
(2ji+ 1)'
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In Eq. (5) (jfllrllj;) is the reduced dipole matrix element
between states

I jf,mf) and
I j;,m;), and o(8,&) is the

electron-impact differential cross section for the excita-
tion of the j; level with scattered electron angle 8,~.

In Eq. (2) h"'(j;,jf) and )'z' '(j;,jf) are defined by the
formula

(a(m')a(m)) = —, g a', (m')a, (m), (10)
Im, m

o =(a(m)a(m))

Js Js

1 1
h'"'(j;,jf)=(—1) '

Ji Ji

1 1

Jf
k

refers to the DCS for the excitation of the
I j,m ) sublevel

of the j level. In deriving Eqs. (9) the following symme-
try relation was used:

(a(m')a(m}) =(—1) + (a( —m')a( —m)) . (12)

and Ao", A~+, Az'+, and OP' refer to the Fano-Macek
source parameters, which are components of the align-
ment tensor (Ao', ~A ~+,A z+ ) and orientation vector
(O~" } respectively. These parameters are defined by the
formulas

(7a)

(7b)

S. The Stokes parameters

The expression given by Eq. (3) gives the intensity of
emitted radiation into the (8,$) direction with polariza-
tion parameters (g,P), where g is the angle "of linear po-
larization" and P is the "phase parameter" as discussed
earlier. The emitted radiation can also be characterized
by the Stokes parameters, an appproach used by Slum and
Kleinpoppen.

The Stokes parameters I, I„,, Iv, and Iv are defined

by the following equations:

and

j;(j;+1)o(8,~)
'

(7c)

(7d)

I (e,p) =I(e,y, o;0)+I(e,y, ,' ~;0),

I„,(8,$)=I(8,$, ,' ~;0) I (e,y, ', —~;0),

I„,(8,$)=I(8,$,$;—,
'

n ) I(8,$,$;——,
' ~—),

(13a)

(13b)

(13c)

where the ( ) denotes the average I„,(8,$)=I(8,$,0;0) I (8,$, ,' ~;—0) . (13d)

(A)= —, g g a', (m )a, (m;)
Im, m m;, m

X(j,,m,
'

I
A

I j, , m, )

(9b)

where

~& Im(a (0)a (1))
1— ao+2o ~

(9d)

The quantities a, (m; ) denote the electron-impact
m~ m~

scattering amplitude for the excitation of the
I j;,m; ) sub-

level with incident electron spin m, and outgoing electron
spin m,'. We shall consider only the special case of j;= 1,
which for LS-coupled systems includes the n 'P levels and
for spin-orbit-coupled systems (e.g., argon, neon} and the
n'P& and n P& levels. Substituting j;=1 into Eqs. (7), we
obtain the following expressions for the source parameters
in terms of the scattering amplitudes:

(a(1)a (1)) —(a (0)a (0) ) 9a
oo+ 2o.

~ Re(a(0)a (1))
+1 oo+20 ~

(a ( —1)a (1))
2+ 9c

oo+ 2o.

I(8,$) can be interpreted as the polarization averaged
coincidence rate measured in the angular-correlation ex-
periment. From Eqs. (3) and (13a) we have

I(8,$)= —,CS 1 — [Ao' —,(3cos 8—1}

+A", +—', sin28 cosp

+Az+ —', sin ecos2$]

(14)

This formula clearly shows that from an angular-
correlation experiment, where I(8,$) is measured for a
series of values of 8 and P, the Ao", A &", and Az~+ pa-
rameters can be extracted, but not 0 ~

'.
The quantities g &, q2, and g3 appearing in Eqs.

(13b)—(13d) can be interpreted as the degree of linear po-
larization at angle m/4 relative to the g axis, the degree of
circular polarization, and the degree of linear polarization
along the g axis, respectively. In a polarization-
correlation experiment the intensities I, Iz, Iz, and I&'93

are measured in arbitrary units; in effect, this experiment
can be considered as a measurement of ri&, gz, and g3.

From Eqs. (13b)—(13d) and (3) one can obtain the ap-
propriate formulas for rI» gz, and r13 for the angles
e=n./2 and p=m/2, commonly used in these experi-
ments:
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and

6g col

F11=I ( —,m, —,m }='9) 2 ' 2
4+geol +3/ col

60'
re =I—(Tm, —,1r)=-

4+geoll

+3/ col

3(A 2+ —A 0" )

93 2 ' 2 4+gcol+3gcolI —( —,
' n., —,

'
1r)=

(15a)

(15b)

(15c)

where

(Jo

Oo+O &

(21)

and

o = Ia I2 (m =0,+1),

show that only two source parameters are independent
and that all source parameters can be expressed in terms
of the A, and X parameters defined by the equations

These formulas show that the measurement of 111, 11z, and
g 3 in the polarization-correlation experiment will give in-
formation about the Fano-Macek source parameters, but a
single measurement of 1)1, 1)2, and 113 will not allow a
determination of all four source parameters. If all source
parameters are not independent (e.g., in the LS-coupled
case), then a single polarization-correlation experiment is
sufficient to obtain complete information. In the general
case (e.g. , spin-orbit-coupled systems) angular- and
polarization-correlation experiments have to be combined
to determine all Fano-Macek source parameters or any
equivalent set of coherence and correlation parameters.

Finally, we note that sometimes it is convenient to use
quantities related to 111, 1)2, and 113. Born and Wolf de-
fined the degree of polarization, P, and the correlation
factor p by the formulas

(16)

X=arg(a&) —arg(ao) .

The expressions for the source parameters are

Ao
' ———,

' (1—3A, ),
A1+ ——[A(1—A, )]'~ cosX,

A 2+ ———,
'

(A, —1),
and

01"= —[A,(1—A, )'~ ]sinX .

(22)

(23a)

(23b)

(23c)

(23d)

As discussed earlier the angular-correlation experiment
measures the alignment parameters ( A 0+,A 1+,A 2+ ).
From Eqs. (23}we observe that the angular-correlation ex-
periment allows the determination of A, and cosX, or
equivalently A, and

I
X

I
. From Eqs. (23) and (15) we ob-

tain
and

and

g; =2[A(1—A, )]'i cosX,

1)2 ———2[A(1 —A, ))'~ sinX,

(24a)

(24b)

III. COHERENCE AND CORRELATION PARAMETERS

A. LS-coupled case

The first EPCE measurements were made for the n'P
(n=2, 3) excitation of helium. Blum and Kleinpoppen
showed that the Fano-Macek source parameters in the
case of LS-coupling can be expressed in terms of the A,

and X parameters of Eminyan et al. ' This implies that
in the IS-coupled case not all the Fano-Macek source pa-
rarneters are independent. This fact is the consequence of
the factorization of the spin-dependent part and of mirror
symmetry of the scattering amplitude. These can be ex-
pressed by the following relations: Factorizing the spin
givesa, (m;)=a~ 5

m, m~
' g m, m~

and the plane symmetry is expressed by the relation

a =(—1) a

(19)

(20)

By substituting Eqs. (19) and (20) into Eqs. (9), we can

Evidently the measurement of F11, 112, and g3 is
equivalent to the measurement of P and p. The radiation
field is polarized and coherent if

P=1.

1)j=2A, —1 . (24c)

Since the polarization-correlation experiments determine
tile g 1 Y/z and 1)3 parameters, it follows from Eqs. (24)
that these experiments determine A, , cosX, and sinX, or
equivalently A, and X. From Eqs. (16) and (24) it follows
that, for LS coupling, P= 1, signifying that the ensemble
excited by the electron is in a coherent state. This is a
consequence of the fact that the coherence properties of
the emitted radiation are not affected by an electron beam
in an unpolarized spin state since there is no spin-orbit-
coupling effect present and the "spin incoherence" does
not transfer to the photon field.

B. Spin-orbit-coupled case

If the spin-orbit interaction has to be included in the
electron scattering process (i.e., if the spin-orbit-coupling
effect is important either for the scattering or for the tar-
get electrons) the four Fano-Macek source parameters
remain independent. It is interesting to see whether the k '

and X parameters, used for LS-coupled systems, can be
generalized and extended for this case. Such parametriza-
tion was introduced by da Paixao et al. An alternative
view was suggested by Hermann and Hertel.

The parameters suggested by da Paixao et al. for the
case where the spin-orbit coupling is present in the target
state are defined by the formulas
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Op

0p+ 20')

~
(a(O)a(i))

~

(25a) alld

Ol" ———[A,(l —A, )]'~ sinXcosb, . (26d)

and

OpO &

Re(a (0)a (1))
~

(~ (0)a (1)}
~

(25c)
4[A (1—A, ) ]'i cosX cosh
(3—cose) + (cosa —1)A,

(27a)

From these formulas we obtain for the ll&, llz, mls parame-
ters

(a(1)a( —1)} (25d) —4[A,( 1 —A, }] slnX cosh

(3—cosa) + (cosa —1 }A,
(27b)

The equivalent Fano-Macek source parameters can be
given in terms of these new parameters by the following
relations: and

A () ———,(1—3A, ),
A l+ ——[A,( 1 —A, )] cosX cosk,

A 2'+ ———,(A, —1)cosa,

(26a)

(26b)

(1+cosa) —(3+cosa)A,'93=
(3—cosa)+ (cosa —1)A,

7

(26c) For P and p we have [see Eq. (17)]

(27c)

' 1/2

I'= 1—8[1 cosa—+2k(cosa cos —b, )+A, (2cos 6 cosa—1)]—
3—cose+ A,(cose —1)]

v 2k cosh
P i' '

[ 1 cose—+A( 1'+cosE) ]

(28a)

(28b)

and

cosh=1 (29a)

COSE':—1 (29b)

for all angles where oo&0,ol&0 and o l&0, respectively.

Setting the spin-orbit interaction to zero, we recover the
LS-coupled case. The A, parameter remains the same, and
X goes to X. Using the spin factorization given by Eq.
(19) and the plane symmetry given by Eq. (20), we obtain
from Eqs. (25b) and (25d), in the LS coupling limit,

for all angles where ere+0, and o l&0, respectively. Since
at 8,~

——0' and 180' in the LS-coupling case cr&
——0, we can

define the value of cosh and cosa at e,l ——0' and 180' as a
limit and state that the identities (29) hold for arbitrary
angles (including 8,l ——0' and 180').

C. Selection rule

One of the advantages of the parameters A, , X, e, and 6
defined by Eqs. (25) is that they show the spin-orbit cou-
pling in a very transparent way. A selection rule requires
that the parameters e and 6 go to m./2 at 9&

——0' and 180'
in the presence of spin-orbit coupling, while their limit in
the LS-coupled case is zero. As we mentioned before, if
LS coupling holds, e and 6 are zero for all angles.

To prove that cosh=0 and cosa=0 at 8,~
——0' and 180'

TABLE I. A, parameter for the excitation of the 4s [ z j l( Pl }state of argon.

Angle
(deg)

0
5

10
15
20
25
30

16.0 eV

0.992
0.971
0.911
0.813
0.684
0.537
0.401

20.0 eV

0.957
0.916
0.806
0.651
0.481
0.331
0.249

30.0 eV

0.975
0.838
0.546
0.276
0.128
0.171
0.366

50.0 ev

1.000
0.701
0.328
0.102
0.024
0.365
0.813

80.4 eV

1.000
0.449
0.134
0.056
0.308
0.851
0.983

35
40
45
50
55
60

0.319
0.315
0.364
0.422
0.465
0.487

0.270
0.370
0.483
0.566
0.612
0.629

0.565
0.684
0.733
0.739
0.717
0.673

0.899
0.881
0.853
0.825
0.787
0.717

0.958
0.935
0.923
0.907
0.869
0.781
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TABLE I. (Continued).

Angle
(deg)

65
70
75
80
85
90

16.0 eV

0.488
0.475
0.450
0.417
0.382
0.349

20.0 eV

0.623
0.564
0.565
0.519
0.462
0.400

30.0 eV

0.615
0.548
0.482
0.420
0.364
0.313

50.0 eV

0.561
0.298
0.186
0.272
0.357
0.408

80.4 eV

0.660
0.587
0.561
0.557
0.569
0.591

95
100
105
110
115
120

0.323
0.309
0.308
0.321
0.341
0.365

0.337
0.285
0.254
0.247
0.260
0.283

0.264
0.221
0.190
0.180
0.200
0.245

0.437
0.460
0.483
0.512
0.546
0.559

0.620
0.658
0.706
0.765
0.829
0.868

125
130
135
140
145
150

0.389
0.411
0.428
0.442
0.452
0.4S9

0.307 .

0.328
0.349
0.355
0.362
0.366

0.300
0.351
0.391
0.418
0.436
0.447

0.504
0.389
0.308
0.293
0.322
0.378

0.807
0.559
0.270
0.231
0.365
0.518

155
160
165
170
175
180

0.463
0.466
0.467
0.467
0.467
0.467

0.368
0.368
0.368
0.367
0.367
0.367

0.453
0.456
0.458
0.460
0.462
0.462

0.449
0.529
0.608
0.676
0.721
0.737

0.653
0.767
0.855
0.912
0.941
0.950

TABLE II. jparameter for the excitation of the 4s [ 2 ],i P~ ) state of argon.

Angle
(deg)

0
5

10
15
20
25
30

16.0 eV

0.000
0.037
0.050
0.076
0.128
0.231
0.443

20.0 eV

0.000
0.085
0.093
0.106
0.121
0.131
0.108

30.0 eV

0.000
0.154
0.225
0.398
0.848
1.725
2.222

SO.O eV

0.000
0.017
0.036
0.108
2.048
2.693
2.276

80.4 eV

0.000
0.102
0.353
1.378
2.407
2.624
0.955

35
40
45
50
55
60

0.846
1.324
1.588
1.631
1.529
1.330

0.132
1.589
2.003
1.891
1.624
1.267

2.261
1.807
0.999
0.701
0.679
0.777

1.447
1.004
0.826
0.703
O.S46
0.308

0.160
0.243
0.415
0.684
1.099
1.668

65
70
75
80
85
90

1.082
0.836
0.627
0.463
0.337
0.238

0.891
0.630
0.335
0.174
0.070
0.007

0.996
1.239
1.548
1.805

- 1.963
2.025

0.010
0.388
1.904
2.954
2.782
2.718

2.302
2.853
3.008
2.683
2.428
2.221

95
100

0.155
0.079

0.026
0.038

2.009
1.936

'2.691
2.686

2.042
1.881
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TABLE II. (Continued) .

Angle
(deg)

105
110
115
120

16.0 eV

0.004
0.115
0.307
0.742

20.0 eV

0.030
0.001
0.076
0.625

30.0 eV

1.837
1.783
1.928
2.527

50.0 eV

2.701
2.754
2.911
2.704

80.4 eV

1.737
1.607
1.475
1.200

125
130
135
140
145
150

1.616
2.225
2.469
2.581
2.640
2.675

2.853
3.006
3.074
3.100
3.128
3.132

3.137
2.900
2.816
2.784
2.772
2.770

1.117
0.547
0.095

' 0.331
0.629
0.798

0.491
0.950
0.494
0.288
0.627
0.741

155
160
165
170
175
180

2.696
2.709
2.717
2.721
2.724
0.000

3.110
3.096
3.084
3.075
3.069
0.000

2.772
2.776
2.780
2.783
2.785
0.000

0.886
0.929
0.947
0.954
0.955
0.000

0.791
0.825
0.857
0.891
0.919
0.000

TABLE III. X parameter for the excitation of the 4s [ 2 ]i( Pi ) state of argon.

Angle
(deg)

0
5

10
15
20
25
30

16.0 eV

1.571
0.6S7
0.489
0.485
0.549
0.674
0.878

20.0 eV

1.571
0.827
0.544
0.456
0.474
0.621
0.944

30.0 eV

1.571
0.447
0.353
0.474
0.952
1.667
1.886

50.0 eV

1.571
0.036
0.078
0.247
1.831
2.536
2.173

80.4 eV

1.571
0.105
0.363
1.384
2.376
2.485
1.346

35
40
45
50
55
60

1.161
1.433
1.581
1.603
1.551
1.464

1.334
1.573
1.651
1.637
1.582
1.510

1.810
1.626
1.428
1.274
1.197
1.205

1.465
1.075
0.926
0.844
0.754
0.623

0.537
0.510
0.644
0.860
1.183
1.655

65
70
75
80
85
90

1.362
1.255
1.145
1.034
0.929
0.845

1.431
1.353
1.256
1.150
1.024
0.881

1.286
1.415
1.560
1.690
1.783
1.829

0.506
0.765
1.645
2.211
2.387
2.441

2.235
2.695
2.750
2.551
2.348
2.172

95
100
105
110
115
120
125
130
135
140
145

0.809
0.848
0.959
1.114
1.279
1.437
1.577
1.698
1.797
1.874
1.926

0.740
0.669
0.763
1.000
1.273
1.518
1.718
1.872
1.977
2.064
2.107

1.828
1.787
1.723
1.676
1.695
1.787
1.917
2.049
2.164
2.251
2.304

2.451
2.436
2.393
2.304
2.135
1.831
1.400
1.011
0.833
0.860
0.949

2.014
1.865
1.728
1.604
1.492
1.385
1.321
1.239
0.935
0.650
0.744
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Angle
(deg)

15,5
160
165
170
175
180

Angle
(deg)

0
5

10
15
20
25
30

35
40
45
50
55
60

65
70
75
80
85
90

95
100
105
110
115
120

125
130
135
140
145
150

155
160
165
170
175
180

F. J. da PAIXAO, N. T. PADIAI. , AND G. CSANAK

TABLE III. (Continued).

50.0 eV30.0 eV20.0 eV16.0 eV

2.3162.116

2.283
2.206
2.089
1.937
1.760
1.571

1.951
1.920
1.862
1.780
1.680
1.571

2.088
2.032
1.945
1.835
1.707
1.571

1.087
1.142
1.206
1.296
1.420
1.571

TABLE IV. 6 parameter for the excitation of the 4s[ z ]~i P& i state of argon.

20.0 eV 30.0 eV 50.0 eV16.0 eV

1.571
0.824
0.537
0.445
0.460
0.608
0.940

1.571
0.656
0.487
0.480
0.535
0.639
0.785

1.571
0.421
0.274
0.264
0.502
0.-891

1.033

1.571
0.032
0.069
0.223
0.977
0.422
0.509

1.189
1.331
1.304
1.178
1.082
1.045

0.926
0.973
0.980
1.015
1.067
1.106

1.332
1.453
1.379

0.548
0.479
0.479
0.515
0.550
0.550

1.357
1.362
1.365

0.506
0.677
1.343
0.917
0.678
0.576

1.115
1.089
1.035
0.962
0.883
0.819

1.348
1.300
1.237
1.143
1.023
0.881

1.053
1.072
1.068
1.034
0.987

. 0.949

0.797
0.845
0.959
1.110
1.264
1.388

0.740
0.668
0.762
1.000
1.272
1.506

0.927
0.924
0.955

0.543
0.559
0.627
0.762
0.989
1.283

1.053
1.210
1.305

1.423
1.361
1.280
1.211
1.163
1.140

1.418
1.267
1.163
1.077
1.034
1.026

1.224
1.077
0.939
0.834
0.771
0.757

1.173
0.900
0.829
0.809
0.767
0.737

1.147
1.184
'1.250
1.342
1.451
1.571

1.054
1.109
1.196
1.306
1.434
1.571

0.745
0.802
0.914
1.084
1.309
1.571

0.794
0.882
1.013
1.179
1.368
1.571

80.4 eV

0.822

0.875
0.934
1.021
1.154
1.343
1.571

80.4 eV

1.571
0.026
0.084
0.260
0.238
0.423
1.174

0.515
0.452
0.507
0.570
0.587
0.518

0.393
0.346
0.369
0.386
0.383
0.364

0.337
0.318
0.330
0.408
0.610
1.034

1.287
0.976
0.830
0.591
0.431
0.395

0.423
0.503
0.646
0.872
1.189
1.571
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TABLE V. e parameter for the excitation of the 4s [ 2 ]~(3P~ ) state of argon.

Angle
(deg)

0
5

10
15
20
25
30

16.0 eV

1.571
1.02S
0.883
0.901
0.978
1.095
1.243

20.0 eV

1.571
1,144
0.867
0.812
0.867
0.994
1.180

30.0 eV

1.571
0.621
0.475
0.523
0.666
0.894
1.209

50.0 eV

1.571
0.046
0.076
0.142
0.260
0.484
0.885

80.4 eV

1.571
0.033
0.071
0.151
0.311
0.745
2.023

35
40
45
50
55
60

1.414
1.S93
1.753
1.868
1.919
1.908

1.417
1.691
1.968
2.189
2.279
2.223

1.591
1.95S
2.152
2.104
1.915
1.701

1.028
0.858
0.797
0.817
0.874
0.943

0.940
0.780
0.821
0.881
0.878
0.797

65
70
75
80
85
90

1.858
1.790
1.722
1.665
1.623
1.599

2.081
1.916
1.759
1.620
1.S03
1.410

1.508
1.351
1.234
1.154
1.10S
1.082

0.995
1.001
0.971
0.941
0.926
0.927

0.696
0.609
0.542
0.496
0.472
0.467

95
100
105
110
115
120

1.592
1.601
1.622
1.651
1.681
1.709

1.345
1.309
1.302
1.319
1.352
1.391

1.075
1.081
1.095
1.115
1.135
1.155

0.945
0.983
1.0SO

1.161
1.324
1.482 .

0.480
0.523
0.619
0.801
1.134
1.643 .

125
130
135
140
145
150

1.731
1.742
1.744
1.735
1.718
1.694

1.429
1.463
1.512
1.511
1.527
1.540

1.173
1.194
1.220
1.253
1.294
1.340

1.43S
1.201
1.019
0.939
0.925
0.953

1.629
1.152
0.853
0.684
0.604
0.588

155
160
165
170
175
180

1.667
1.638
1.612
1.590
1.576
1.571

1.551
1.557
1.563
1.567
1.570
1.571

1.391
1.442
1.491
1.532
1.561
1.571

1.013
1.103
1.226
1.374
1.511
1.571

0.630
0.731
0.904
1.156
1.435
1.571

TABLE VI. A, parameter for the excitation of the 4s'[
2 ],('P~ ) state of argon.

Angle
(deg)

0
5

10
15
20
25
30

16.0 eV

0.999
0.982
0.929
0.843
0.726
0.575
0.397

20.0 eV

0.997
0.958
0.852
0.699
0.517
0.317
0.127

30.0 eV

0.998
0.862
0.569
0.287
0.107
0.128
0.399

50.0 eV

1.000
0.701
0.328
0.099
0.009
0.356
0.837

80.4 eV

1.000
0.449
0.134
0.053
0.305
0.868
0.997
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TABLE VI. (Continued).

Angle
(deg) 16.0 eV 20.0 eV 30.0 eV 50.0 eV 80.4 eV

35
40
45
50
55
60

0.231
0.196
0.383
0.639
0.805
0.877

0.045
0.220
0.553
0.796
0.906
0.941

0.721
0.898
0.946
0.928
0.874
0.799

0.925
0.906
0.883
0.865
0.841
0.787

0.968
0.946
0.937
0.926
0.894
0.812

65
70
75
80
85
90

0.891
0.873
0.831
0.767
0.682
0.574

0.938
0.897
0.874
0.818
0.740
0.637

0.714
0.631
0.564
0.514
0.476
0.441

0.633
0.270
0.064
0.206
0.341
0.423

0.696
0.623
0.593
0.584
0.590
0.607

95
100
105
110
115
120

0.447
0.314
0.198
0.122
0.098
0.123

0.505
0.353
0.206
0.096
0.044
0.047

0.400
0.348
0.284
0.220
0.182
0.187

0.477
0.524
0.579
0.653
0.746
0.810

0.633
0.669
0.719
0.788
0.874
0.954

125
130
135
140
145
150

0.182
0.262
0.350
0.441
0.532
0.619

0.091
0.158
0.247
0.324
0.414
0.507

0.231
0.294
0.360
0.426
0.491
0.559

0.701
0.433
0.270
0.248
0.303
0.397

0.946
0.689
0.315
0.255
0.395
0.551

155
160
165
170
175
180

0.702
0.777
0.841
0.890
0.921
0.932

0.602
0.691
0.773
0.840
0.884
0.900

0.632
0.709
0.788
0.859
0.911
0.93

0.516
0.646
0.773
0.880
0.952
0.978

0.689
0.808
0.899
0.958
0.988
0.997

TABLE VII. g parameter for the excitation of the 4s'[ z ]~('P~ i state of argon.

Angle
(deg)

0
5

10
15
20
25
30

16.0 eV

0.000
0.022
0.030
0.047
0.079
0.142
0.280

20.0 eV

0.000
0.066
0.069
0.074
0.076
0.067
0.003

30.0 eV

0.000
0.150
0.219
0.392
0.909
2.034
2.538

50.0 eV

0.000
0.017
0.036
0.110
2.048
2.698
2.302

80.4 eV

0;000
0.102
0.352
1.374
2.417
2.645
1.002

35
40
45
50
55
60

0.636
1.427
2.007
2.155
2.057
1.675

1.304
2.770
2.'860
2.922
3.064
2.422

2.640
2.460
1.731
1.105
0.970
1.016

1.472
1.007
0.822
0.700
0.551
0.319

0.170
0.261
0.438
0.702
1.090
1.627
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TABLE VII. (Continued)

Angle
(deg)

65
70
75
80
85
90

16.0 eV

1.031
0.576
0.367
0.272
0.226
0.201

20.0 eV

0.855
0.639
0.485
0.407
0.336
0.265

30.0 eV

1.142
1.311
1.496
1.665
1.801
1.898

50.0 eV

0.020
O.S13
2.139
3.116
2.898
2.814

80.4 eV

2.274
2.861
2.991
2.676
2.434
2.237

95
100
105
110
115
120

0.179
0.139
0.046
0.201
0.830
1.5S2

0.194
0.124
0.059
0.014
0.084
2.612

1.963
2.013
2.078
2.212

- 2.468
2.795

2.782
2.782
2.817
2.914
3.120
2.462

2.062
1.899
1.746
1.598
1.425
1.013

125
130
135
140
145
150

1.863
1.973
2.010
2.016
2.007
1.993

2.749
2.718
2.637
2.617
2;567
2.522

3.047
3.095
3.024
2.991
2.979
2.977

1.487
0.841
0.298
0.168
0.468
0.637

0.547
0.915
0.546
0.200
0.578
0.708

155
160
165
170
175
180

1.977
1.961
1.948
1.938
1.932
0.000

2.475
2.447
2.420
2.400
2.388
0.000

2.980
2.985
2.989
2.992
2.994
0.000

0.721
0.767
0.790
0.800
0.804
0.000

0.763
0.797
0.831
0.866
0.895
0.000

TABLE VIII. g parameter for the excitation of the 4s'[ z ]1('Pl }state of argon.

Angle
(deg)

0
5

10
15
20
25
30

16.0 eV

1.571
0.198
0.139
0.141
0.170
0.234
0.375

20.0 eV

1.571
0.282
0.170
0.145
0.150
0.194
0.394

30.0 eV

1.571
0.188
0.231
0.397
0.917
2.013
2.465

50.0 eV

1.571
0.019
0.040
0.124
2.017
2.685
2.294

80.4 eV

1.571
0.102
0.3S2
1.375
2.415
2.633
1.104

35
40
45
50
55
60

0.724
1.443
1.958
2.058
1.924
1.632

1.494
2.370
2.485
2.403
2.151
1.734

2.497
2.253
1.683
1.192
1.034
1.056

1.473
1.013
0.831
0.713
0.571
0.357

0.223
0.288
0.458
0.717
1.097
1.627

65
70
75
80
85 .

90

1.280
0.983
0.770
0.621
0.514
0.436

1.316
1.050
0.829
0.684
O.S60
0.447

1.167
1.325
1.499
1.661
1.791
1.884

0.152
0.551
2.044
2.852
2.829
2.776

2.269
2.846.
2.962
2.666
2.428
2.233

95
100

0.388
0.387

0.342
0.267

1.946
1.994

2.750
2.747

2.060
1.898
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TABLE VIII. (Continued).

Angle
(deg)

105
110
115
120

16.0 eV

0.483
0.745
1.170
1.559

20.0 ev

0.293
0.524
1.090
1.858

30.0 eV

2.0S3
2.168
2.370
2.592

50.0 eV

2.756
2.805
2.783
2.321

80.4 eV

1.745
1.598
1.428
1.065

125
130
135
140
145
150

1.788
1.899
1.947
1.961
1.957
1.942

2.273
2.430
2.452
2.474
2.445
2.402

2.729
2.791
2.820
1.836
2.842
2.833.

1.494
0.877
0.392
0.298
0.516
0.664

0.750
0.949
0.589
0.257
0.589
0.715

155
160
165
170
175
180

1.920
1.891
1.852
1.794
1.701
1.571

2.343
2.281
2.191
2.058
1.852
1.571

2.801
2.736
-2.622
2.426
2.087
1.571

0.749
0.799
0.836
0.889
1.039
1.571

0.769
0.807
0.847
0.902
1.014
1.571

TABLE IX. b parameter for the excitation of the 4s'[
z ] ('P~& i state of argon.

Angle .
(deg)

0
5

10
15
20
25
30

16.0 eV

1.571
0.196
0.136
0.133
0.151
0.187
0.252

20.0 eV

1.571
0.274
0.155
0.125
0.130
0.182
0.394

30.0 eV

1.571
0.114
0.072
0.070
0.149
0.294
0.328

500 eV

1.571
0.008
0.018
0.057
0.352
0.111
0.138

80.4 eV

1.571
0.007
0.021
0.068
0.062
0.113
0.583

35
40
45
50
55
60

0.372
0.475
0.467
0.555
0.736
0.936

1.274
0.693
0.601
0.711
0.988
1.353

0.423
0.624
0.793
0.604
0.440
0.366

0.157
0.135
0.135
0.147
0.160
0.163

0.145
0.123
0.139
0.157
0.161
0.141

65
70
75
80
85
90

0.980
0.848
0.693
0.566
0.465
0.389

1.176
0.902
0.702
0.566
0.457
0.364

0.338
0.329
0.322
0.312
0.301
0.292

0.150
0.210
0.563
0.288
0.198
0.166

0.107
0.094
0.098
0.102
0.100
0.095

95
100
105
110
115
120

0.346
0.362
0.481
0.722
0.954
0.893

0.284
0.237
0.287
0.524
1.088
1.236

0.288
0.290
0.303
0.344
0.410
0.436

0.157
0.166
0.194
0.250
0.358
0.503

0.088
0.083
0.087
0.110
0.180
0.413

125
130
135
140

0.727
0.605
0.529
0.486

0.796
0.590
0.491
0.434

0.402
0.347
0.300
0.267

0.420
0.288
0.259
0.247

0.542
0.299
0.232
0.162
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TABLE IX. (Continued)

Angle
(deg) 16.0 eV 20.0 eV 30.0 eV 50.0 eV 80.4 eV

145
150

0.472
0.483

0.419
0.433

0.253
0.262

0.227
0.215.

0.116
0.106

155
160
165
170
175
180

0.522
0.595
0.716
0.906
1.193
1.571

0.480
0.558
0.685
0.883
1.180
1.571

0.301
0.376
0.499
0.703
1.048
1.571

0.220
0.249
0.311
0.440
0.751
1.571

0.114
0.139
0.189
0.294
0.564
1.571

TABLE X. e parameter for the excitation of the 4s'[ z ]i('Pi) state of argon.

Angle
(deg)

0
5

10
15
20
25
30
35
40
45
50
55
60

16.0 eV

1.571
0.315
0.248
0.251
0.275
0.317
0.377
0.461
0.578
0.745
0.980
1.286
1.561

20.0 eV

1.571
0.402
0.253
0.228
0.243
0.284
0.350
0.449
0.594
0.816
1.161
1.670
2.067

30.0 eV

1.571
0.171
0.126
0.139
0.181
0.255
0.380
0.601
1.003
1.379
1.108
0.795
0.611

50.0 eV

1.571
0.012
0.019
0.036
0.066
0.125
0.242
0.296
0.243
0.227
0.236
0.259
0.283

80.4 ev

1.571
0.008
0.018
0.038
0.080
0.200
1.059
0.267
0.214
0.228
0.247
0;245
0.220

65
70
75
80
85 '

90

1.581
1.377
0.151
0.974
0.846
0.755

1.800
1.371
1.061
0.849
0.699
0.590

0.501
0.433
0.392
0.370
0.360
0.359

0.295
0.287
0.271
0.261
0.258
0.261

0.190
0.165
0.146
0.132
0.125
0.122

95
100
105
110
115
120

0.690
0.645
0.614
0.595
0.584
0.580

0.513
0.462
0.431
0.417
0.416
0.425

0.362
0.367
0.369
0.367
0.360
0.353

0.272
0.291
0.326
0.390
0.512
0.673

0.125
0.137
0.163
0.216
0.336
0.693

125
130
135
140
145
150

0.583
0.591
0.606
0.628
0.660
0.706

0.440
0.462
0.501
0.523
0.567
0.625

0.348
0.350
0.361
0.381
0.413
0.460

0.563
0.376
0.291
0.262
0.259
0.273

0.793
0.381
0.248
0.189
0.164
0.159

155
160
165
170
175

.180

0.772
0.868
1.009
1.208
1.444
1.571

0.705
0.811
0.966
1.181
1.434
1.571

0.527
0.624
0.772
1.003
1.339
1.571

0.303
0.354
0.445
0.619
1.011
1.571

0.172
0.206
0.274
0.416
0.777
1.571
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FIG. 1. A, parameter for the 4s [ 2 ]~( P~ ) state.

in the spin-orbit-coupled case, we must recall the defini-
tion of cosh, and cosa given by Eqs. (27a) and (25d),
respectively. %e need only to prove that at these angles
(a (0)a (1)) =0 and (a (1)a ( —1)) =0 while simultane-
ously op&0 and o &&0. The proof is based on the conser-
vation of angular momentum. If the electron is scattered
into, the forward (8,t ——0) or backward (8,&

——180') direction
then its orbital angular-momentum projection is zero.
The projection of the incident electron angular momen-
tum is also zero. Thus the angular-momentum conserva-
tion can be written as

FIG. 3. 6 parameter for the 4s [ 2 ]~( P~ ) state.

therefore their product [a(0)j,[a(1)], is always
ms ms mm'

zero for any pair of m„m,' indices. Consequently their
sum (a (0)a (1)) is also zero. The line of proof is identi-
cal for (a(1)a( —I))=0. The above proof was simplified
by Blum and Kleinpoppen by stating that for 8=0' and
180' cylindrical symmetry is restored to the radiating en-
semble from which it immediately follows that the off-
diagonal density-matrix elements will become zero.

A comment should be directed to angular or
polarization-correlation experiments where only linear-
polarization properties are studied. ' In this case cosh
and cosX are not measured separately, only their product

Pl g +PZJ —PPZg +IJ ~

0
(30)

cosX =cosh cosg (32)

I
Pls =Elle +PlJ. (31)

If the original state is 'Sp then jp ——0 and mj ——0, conse-

quently
is. From Eqs. (26b) and (26c) it follows that

Re(a (0)a (1))cosX =cosh, cosg =
Qo'po )

(33)

By definition,

( a (0)a (1)) = g [a (0)],[a (1)]
Im, m

From (31) it is clear that the [a(0)], amplitude is dif-
ms ms

ferent from zero only if m, =m,', whereas [a(1)], is
m m

different from zero only if m, =m,
' + 1. Thus the

[a(0)j, and [a(1)], amplitudes cannot be dif-
msms m m,

'

ferent from zero for the same pair of m„m,' indices and

5.0

From our considerations it follows that at 8=0' and 180,
cosX=O also for spin-orbit-coupled systems. In the LS
coupling case cosh=—1 and 7 goes to X. However, at
0=0' the limit of P is not necessartly zero.

The spin-orbit .interaction also introduces interesting ef-
fects for Stokes and related parameters. In this case, P
and p are not equal to 1. In other words, the light beam
is not polarized, and it is partially coherent. I' and p can
be helpful in understanding the selection rule. At 0' and
180', we can view the unpolarized emitted radiation as a
superposition of polarized beams that are not coherent
since p =0. We observe a spin-flip process only if the in-
cident electron excites a state with mJ- ——1. Consequently,

eV
eV

4eV

2.0

I

Ie) P& —16 e V--- 50 eV
——80.4 eV

O

iM

I.O

50 IOO

e (deg)

l

d( I/

sl
V

I50

lal

I.O

O[~
0

I g&.C~Q
I

I

50
I

IOO

e (deg)

/)
r

/

I

I 50

FIG. 2. jparameter for the 4s [ z ]~( P~ ) state. FIG. 4. e parameter for the 4s [ 2 ]&('P& ) state.
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2.0
'Q
U

x

I X I -~pi —le e V
-—SoeV——80.4 eV

were calculated by Cowan. '
~

4'P) and
~

4 P) refer to
the LS-coupled states represented by the fixed-core
Hartree-Pock wave functions. The same 4s orbital was
used to construct the LS-coupled wave functions for both
[(3p )4s]4 P and [(3p )4s']4'P configurations.

As in Ref. 59, we define the direct and exchange parts
of the T matrices'as

TLM s ——f drtdr2f'+' "(rt)[f' ' "(r&)]*

0
0

I

50
I

IOO

e (deg)

I

150

FIG. 5. g parameter for the 4s [ z ]~('P~ ) state.

and

X v( r
~
—r2)R3p(r2 )R~,(r2 )

X Y,M (rz)Yoo(rp)

~LMLS f drtdr2f'-„+'""«i )[f'q '""(&2)]*

(36)

IV. CALCUI. ATIONS

We incorporated the spin-orbit interaction in the ex-
cited state by a linear combination of singlet and triplet
components in a way suggested by Cowan and Andrew,
and Cowan, and McConnel and Moiseiwitsch:

and

i
4s '[ —,

' ]& ) =b
i

4'P ) +a
i
4 P ),

)4s[-,']', ) = —a ~4'P)+b ~4'P),

(34)

(35)

where a =—0.450 and b=0.893. The constants a and b

the light emitted by the deexcitation of both states with

mj ——0 and 1 is incoherent. Threshold and pseudothresh-
old experiments" lead to similar conclusions. According
to McFarland and Mittleman, in this case, the spin-flip
process due to the spin-orbit interaction is responsible for
the polarization being different from one.

We should add that the influence of the spin-flip pro-
cess is more evident in p than in P which can be quite
close to one at 0. For angles between 0' and 180', an in-
cident electron can excite both states with mj ——0 and 1,
with or without spin flip. Thus, the emitted light will be
partially coherent. At higher energies, the exchange pro-
cess responsible for the spin flip decreases and p should
become closer to the value 1 of the LS-coupled cases.

Xv(rt r2)R3p(rt )R4,(r2)

X YtM (~t)Yoo(~2), (37)

T

~

2TSD TSE
~

2+
~

TTE
~

21 a b

4H p

~2TSD TSE ~2+
~

TTE ~2
1 a b

4&p 2 4

$2
/

TTE [2

(38)

(39)

where f'+' " and (f' ' ") represent the incoming and
P q

outgoing electron with momenta p and q, respectively.
Rq~(r)Y&M (r) and Rq, (r)Yoo(r) are normalized Hartree-

Fock ground-state orbitals, with YLM (r) denoting the

spherical harmonics. v ( r
&

—r2) is the Coulomb potential.
From now on, we simplify our notation as

~D SD
&L=[,1,M~), S=O~TM ~

~E ~SE
~ L =(1,M&),S=O~~ M

~E TE
L {1M~) S 1~TM

The differential cross sections for the excitation of the
magnetic sublevels 0 and 1 can be written for the
4s[—', ],( Pj) state as

TABLE XI. Comparison of theoretical and experimental results for A, and cosg.

Angle
(deg) (singlet) (triplet)

cos+
(singlet)

cos+
(triplet) Reference

5
5

10
10

0.72 +0.01
0.70
0.37 +0.05
0.33

Energy=50 eV
0.60 +0.05 0.55 +0.16
0.70 1.000
0.32 +0.05 0.63 +0.06
0.33 0.999

0.63 +0.06
0.999
0.90 +0.16
0.997

Expt. , Ref. 33
Present work
Expt. , Ref. 34
Present work'

10
10

0.26 +0.05
0.134

Energy=80 eV
0.25 +0.05 0.55 +0.06
0.134 0.939

0.96 +0.06
0.935

Expt. , Ref. 34
Present work'

'Theoretical results calculated for incident electron energy of 80.4 eV.
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We can write the A, , X, 6, and e parameters as functions of the T matrices, for the 4s [—', ]i( Pi ) state:

Op

o+&r (40)

cosh =
a b(2TSD TSE)e(2TSD TSE) TTE TTE

( )1/2 (41)

cosX =
Q b2

(2TSD TSE)e(2TSD TSE) ' TTE TTE

Q b2
(2TSD TSE )+(2TSD Z

SE
) TTE TTE

(42)

and

2 b2
~2TSD TSE(2

~

TTE~24m@24
cosE=

For the state 4s'[ —,']i('Pi) the formulas are analogous
with a and b interchanged.

V. RESULTS AND DISCUSSIONS

We calculated the parameters A, , j, 6, E, and g for the
states 4s [—', ]i( Pi ) and 4s'[ —,]i('Pi) of argon at the in-

cident electron energies of 16, 20, 30, 50, and 80.4 eV.
The results are shown in Tables I—X.

To visualize the general behavior of each parameter as a
function of the energy, we plotted our results for the in-
cident energies of 16, 50, and 80.4 eV (Figs. 1—5) for the
4s[ —,']i( Pi) state. The figures for the 4s'[ —,']i('P, ) state
would be very similar to the ones presented, although the
spin-orbit effect is weaker in this case.

Since the exchange parts of the T matrices become
smaller for higher energies, the expressions for the coin-
cidence parameters become strongly dominated by the 'P&

component of the wave function [see Eqs. (37)—(40)].
Thus, as the energy increases, the parameters should ap-
proach the "I.S-coupled" values. For the e and 6 param-
eters the limit is zero and we can see in Figs. 3 and 4 how
the curves show the expected behavior.

Two points in regard to the structures of the b and e
parameters deserve emphasis. First, the peaks for the for-
ward and backward scattering are explained by the selec-
tion rule. Second, the structure in the intermediate angu-
lar region, even for higher energies, can often be explained
in a way similar to the spin-polarization effect of
Kessler. The peaks usually occur in the minima of era

(for 6) and D i (for E and b, ), where the addition of a weak
potential like the spin-orbit interaction can significantly
change the spin orientation of the electron.

The evaluation of our results is limited by the lack of
experimental data. The only two experimental papers
on the subject provide results for two angles at 50 eV and
one angle at 80 eV (see comparison in Table XI). In addi-
tion, both angles 5' and 10' are in a region where the
curves are very sharp. Due to the strong and abrupt
structure of our parameters, we can be neither enthusiastic
about the good agreement at some points nor pessimistic
about the discrepancy at others. We hope that future ex-
periments will provide a better test of our approximations.
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