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Using close-coupling theory, multichannel expressions are derived for the angular distributions of
photoelectrons from atomic oxygen. These expressions are used to calculate angular distributions for
photoelectron ejection from either the outer 2p subshell or the inner 2s subshell. Comparison with other

theoretical work is made.

I. INTRODUCTION

In Earth’s ionosphere, atomic oxygen is the
dominant neutral species above about 150 km for
average solar conditions. At low to mid latitudes
and at altitudes above about 200 km, the major
source of photoelectrons is the photoionization of
atomic oxygen by sunlight. In the upper part of
Earth’s ionosphere, energetic photoelectrons can
travel a considerable distance along geomagnetic
field lines before losing their energy. It is there-
fore important to know the angular distributions
of photoelectrons from atomic oxygen, so that
properties of the photoelectron flux in the upper
ionosphere can be studied (Takayanagi and Ikika-
wa,! Whitten and Poppoff,? and J. R. Jasperse?).

At present there are no experimental measure -
ments of photoelectron angular distributions for
atomic oxygen. However, there has been a recent
theoretical effort by Dill, Kennedy, Manson, and
Starace,*:® who calculated the angular distribu-
tions of photoelectrons that make a transition from
the O(2p*%; °P,'D, 'S) states into the continuum rel-
ative to the O*(2p3;*S°, ?D°, 2P°) states. Within
the framework of Bates® and Cooper and Zare,”
they assumed that the coupling between the chan-
nels of the final -state wave function was negligible
and that the core relaxation, which results from
ionization, could be taken into account by a multi-
plicative factor. They also assumed that Hartree -
Fock wave functions were adequate to represent
both the bound and continuum orbitals, within the
LS coupling scheme.

In the present work, a similar formalism is
presented, except that it does not neglect the cou-
pling between the final -state channels. From a
consideration of the multichannel work of Henry,?:°
we note that the final -state coupling should not be
neglected when calculating the total photoioniza -
tion cross section for atomic oxygen. Therefore,
the purpose of the present work is to investigate
this coupling effect on the photoelectron angular
distributions for atomic oxygen.

A brief discussion is given in Sec. II of the pres-
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ent multichannel formalism, which is used to ob-
tain the photoelectron angular distributions pre -
sented in Sec. III over the spectral range from
their respective thresholds to 30 A. The angular
distributions considered here are for photoelec-
trons which make transitions from the O(2p*; °P)
state into the continuum relative to the O*(2p3;
48°,2p° 2p°) and O*(2s 2p*; 2P, *P) states. Conclud-
ing remarks are given in Sec. IV.

II. THEORY

A. General comments

In obtaining the present photoelectron angular
distributions for atomic oxygen within the frame -
work of nonrelativistic quantum mechanics and
semiclassical radiation theory, certain approxi-
mations are made. First, the basic quantum-
mechanical formula for the angular distribution
of photoelectrons that make a transition from an
initial bound state into a final continuum state is
discussed by Heitler.'® The quantum -mechanical
formula is then approximated using the familiar
electric -dipole and long -wavelength approxima -
tions (Bethe and Salpeter,'’ and Shore and Men -
zel'?). The resulting formula is given in Sec. I B.
Second, the bound and continuum states are ob-
tained straightforwardly, where we neglect spin-
dependent interactions (such as spin-orbit cou-
pling) in the total Hamiltonian and assume that
LS coupling is valid. The O and O* bound states
used here are obtained from the Roothaan-Har -
tree -Fock states given by Clementi.'* A specifi-
cation of the necessary bound states is given later
in Sec. IIIA.

The final continuum state is represented by a
close -coupling expansion (Henry and Lipsky,'*
Smith and Morgan,'® Burke and Seaton,'® and
Smith'”), which consists of expanding the total
wave function (the O* ion plus ejected electron) in
terms of a limited number of discrete O* states,
performing a partial -wave expansion for the ejec-
ted electron, and applying the Kohn variational
principle. The resulting coupled integro-differ -
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13 ANGULAR DISTRIBUTIONS OF PHOTOELECTRONS FROM...

ential equations with associated boundary condi-
tions can then be solved numerically to obtain the
continuum functions. These solutions describe
the radial motion of the ejected electron relative
to the residual ion. The solutions are obtained
using an integral -equation method as discussed
by Smith and Henry.'®"® We also choose a repre-
sentation for the total wave function so that the
total Hamiltonian H is diagonal in the partial-
wave quantum numbers LSM Mgm. Note that L
(S) is the quantum number for the total orbital
(spin) angular momentum and M; (Mg) is its z
component. Also, the parity is

r=(=1)7

where 37;1; is the sum over all the orbital quantum
numbers [; of the ejected electron and the O* elec-
trons. In obtaining the present photoelectron an-
gular distributions, we shall see in Sec. III that
only a few partial waves need be considered.

Last, we also constrain the continuum functions
to be orthogonal to all the O*-state orbitals in-
cluded in the close -coupling expansion in order to

J

‘I’('YML,Mslmx/ﬁE; Xyy oo Rya)

reduce the total number of exchange terms. As

a result the expansion for the total wave function
consists of an explicit O correlation expansion,
as well as the familiar O*-state expansion. In the
present calculations only correlation terms are
included which arise as a direct consequence of
the orthogonality constraints.

B. Photoelectron angular distributions

In a slightly different notation than that of Henry
and Lipsky,'* and Smith,'” let us consider the
following photoionization process. An unpolarized
beam of photons of energy hv<<mc? moves in the
z direction through a gas containing atomic oxy-
gen, which has nuclear charge Z=8 and N+1=8
electrons. The initial states of the atom are de-
scribed by the wave functions ®(LLMe M Ty Xy, . .
Xy+1), Which depends upon the N +1 electron coor-
dinates X; and the usual quantum numbers
£EM M (m,. Note that £ (¢) is the quantum number
for the total orbital (spin) angular momentum.
After ionization takes place, the final continuum
states can be described by the wave functions

=Zi'e"”'Yifn,(E) Z C(L,lMle,ILM,_)C(S,%Mslm,/ZISMS)ZI)(I‘;il,...,i,“,), (1)

imy L SMpMgm

where the collective index I' is defined by I' =ykILSM; M7, the quantum numbers of the residual O* ion
are denoted by the collective index v =@,L,S,, the unit vector % denotes the direction of the ejected elec-
tron, %k* and [ are, respectively, the energy and the angular momentum quantum number associated with
the ejected electron, and the C’s are Clebsch-Gordon coefficients (Rose??). Employing the familiar in-
going-wave modification for the final-state wave function (Briet and Bethe?!), we obtain

N+1
Y3 Xy, e, Ry ) =(N+1)71/2 E(—l)ml'p Z (T3 %, %,)f (D' T3 7,) (2)
pal T
and
‘b)(r;;{, 52;) = Z_C(Lllaﬁ'LML)C(SléaB-'SMS) ‘1’2(’)’; iu e s-ip-ly imh ce ’;(NH)YIB ('?p)XE(P) , (3)
af aB

where ¢,(y) is the antisymmetric O* eigenstate in
channel I, and f(I'’,T';7,) are continuum functions
describing the radial motion of the ejected elec-
tron.

As discussed in Sec. ITA, recall that the con-
tinuum solutions associated with the partial -wave
quantum numbers (LSM_ Mg7) can be obtained
separately, since the total Hamiltonian used here
is diagonal in this set of quantum numbers. There-
fore, it is convenient to introduce another collec -
tive index p defined by u =y k,1,, where T’
=uwLSM Mgn. The notation for the continuum
functions in Eq. (2) then reduces to

FO,T57) = f (W', 15 7)0 10 B0 4, Ourgurg, O
(4)
Moreover, its asymptotic behavior is
Furn@) 2 (8,0 —SL e ') /2ir (k) /2,
(5)
where

6, =k, =1,m/2+a,In2k, 7 +n,,

(6)
a,=(Z -N)/k,, n,=argl’'(l,+1-ia,),

+

and the matrix S, is the adjoint of the partial -
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wave scattering matrix. At this point, note that The quantum -mechanical formula used here for

¥ of Eq. (1) is normalized per unit energy range the photoelectron angular distribution is (in Ryd-

as discussed by Bethe and Salpeter.!* Also, the berg units: Z=1, m =3, e?=2)

normalized wave function given by Henry and do 167

Lipsky'* is in error by a multiplicative factor. —(aL,S,; R?) =— Z D%, (9)
. . a cvw

However, the resulting formula for the photoion-

”£”§"‘l vMLIMS‘ml/Z
ization cross section used by Henry® is correct. my #0

Let us rotate the wave function §(I'") given in
Eq. (2) to obtain an alternative wave function
which is expressed in terms of real continuum
functions g, (r) that satisfy the boundary condi-
tions

where
D:f ‘I’*(')’MLlMSlml/z§ E,;F)

N+1
x 70(-”‘1)]<I>(£§M£M;1r ) (10)
gu,“(r)::ok;,’/z[éu,u sinf, +Ry, cosf vt . (7) ‘:; ’ 0’ ’
As a result, we can substitute

Fuu®) =[g0r )L +iR) ™, /m/? (8) ) =

for f(r) in Eq. (2). Note that the matrix R is the

, 1 ) 3
ey — (§ 2 _; 2 i
v 7 (; ax, i 5y, ) , velocity form

(mvyr;(57)'/ %Y, ,, (7;), length form.

open -channel reactance matrix. The continuum an
functions g () are then obtained in the usual fash - The statistical weight w is 2(2£ +1)(2¢ +1). Next,
ion (Burke and Seaton'®). using Eqgs. (2) and (10) and the useful relation
~ 2y my ~f(21+1)(20 +1)\!/2
Yim RV, (R)=(-1)™ ;ym(k)(m C(l'm, -m,.|PQ)C(11'00| PO), (12)
we obtain
[DI?=DDp*=" 3~ (=1)}"*e!m=md(_m-
Imy Vmy,
~ [ (21+1)(21 +1)\"/2
XZYPQ(k)<—(—Z1r(2)P—S+1‘)—)‘> C(ll’m,—m,:]PQ)C(ll'OOIPO)
PQ
x C(L,lMle,|LML)C(L,l’Mle,:IL'ML,)C(SI%Mslm,/zlSMs)
LS MpMg™
L'S"MpMgm'
XC(812Ms my ;5| S'Ms.)(T|B)(T’|B)*, (13)
with
N+1 .
(TIB) =(nLSM Msm| Y OF|LeMoM (7o) (14)
=1
Application of the Wigner -Eckhart theorem yields
(T'|B)=(2L +1)"*/%C(L1Mem,| LM, )(a,L,S,kIL St|| bll.,cgno)as;ﬁusug . (15)

The reduced matrix element will be specified later in Eq. (25). Using Eqs. (10), (13), (15), and the two
magnetic -sum equations

S (=)™ (L, IMy = myymy | LML) C(Ly UMy = myy my | L'M ) C(WW'my = my| PO)

m
=(=1)PF LMy (2L +1)(2L+1))V2W[ L'LI'l; PL,|C(L'LM, — M, ; PO)  (16)

and

> (- DY C(L LM, ~M, |PO)C(£1My —my, m,y| LML) C(£1My —my, m,| L'M])

ML

=(=1)"F-L*m[2L +1)(2L’ +1)]*/*W[11LL'; PL]1C (11m, -m,; PO), (17)
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we obtain the angular distribution formula

a 2(2£11)

1’'p

b2 N , .
d_o(alLlsl;kZ)zA(LLM_)Z Y po(B) [(= 1)1 e'("l'”!')]<

(21+1)(21' +1)

1/2
TP+ D) ) C(1'00|P0)

x 3 (a,LS,1kLST||0|Lemo) (@, L,S, "R L'S'1!||0]|Leme) *b5, b5/,

LSTL'S'n!

x[(2L" +1)(2L +1)]/3(= 1) " W[L'LI'; PL,|W[11LL'; P£)1 (P),

with
I1(P)=—=(2/V3)8p, - C(1100/20)6p,, (19)

3.228(-17)/[I +k?], velocity form
A, LS5 k%) =

8.067(~18)/[I+k%], length form.
(20)

The W coefficients are the Racah coefficients
(Rose®), and I=hv - k? is an ionization potential
of the atom.

The angular distribution is usually written as

do
d“Q‘(alLlsx;kz)
_a(alLlsl;kz) 1 1 . 21_) 2]
=SB0 E 180, 1,8, Py c0s8)
(21)
where
2 do 2
o(a,L,S,;k )=fd9d-§(a,L,S,;k ), (22)

6 is the angle between the incident photon beam
and the photoelectron direction, the Legendre
polynomial is P,(x) =3 (3x2-1), and the B(a,L,S,; k?)

J

(18)

r
term is the asymmetry parameter. Note that o
governs the “magnitude” of the distribution, and
8 governs the “shape” of the distribution. Fur-
thermore, the photoionization cross section ¢ can
be obtained using Eqs. (18) —(22), namely,

o(a,L,S,; k%)

_A(a,L,S,; k%)

3(2E+1) 2 Ny LS ikiLsa|10]1£2m o) [*8s, .

1L ST

(23)

The total photoionization cross section is simply

op(k?) = Z o(a,L,S,; k?). (24)

Ll §

Let us now specify the reduced matrix elements
that were alluded to in Eq. (15). Using a five-
state close-coupling expansion and an analysis
similar to that of Smith,'” we obtain using Eq. (8)

(wLS7||D]]|Ltmy)

=\/__11? ST (-iR)g, (m, LSOl eemy),  (25)
[

with p =a{ L{S'k,1, and

(u,LSt]| O]l Lgmo) = (2L + 1)”"’( > (15]1s)%(25125)%(2p2p)(12)"/%(2£ + 1)‘/2(4£CBL{’S{‘)(guu,[01u1|21))

u

x (1100]1,0) W[ LL{ 11; lM) +(2L +1)/2(15]15)%(25 | 25)(2| 2p)*

< ( 3 (2)1/2(g,, | 040/26)(0100]2,0) (25 +1)'/
m

XW([SS30; 5515, ,(28 +1)W[L0L1; L1]W[L0L0; £015,, + C* V(2p] 0[25)(3)'/26,,55,5, ,_,> .

Note that

-0.562215, velocity form
(2plo]2s) = (27
1.09808, length form,

(26)

(15]1s) =1.0000, (25]2s)=0.998 44,
(2p]2p) =0.991 32,

1d  L(l+1) =1,(], +1)
rdvr+ 2r ’

O’l‘z =
v, length form. (29)

(28)

velocity form
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Also the (4£¢} L¥S}) terms are fractional parent -
age coefficients, the overlap integrals are obtained
using the nl orbitals of the atom and the 7 orbit -
als of the ion, and the C®1) factor is a correlation
constant for the O(2s 2p%; 3P°) correlation term
that is included to compensate for the 2p -ortho-
gonality constraint. The term in the first large
parentheses in Eq. (26) is obtained with the O*(2p°)
states. It agrees with the formula given by Henry,
except the present formula neglects the s -wave
core-relaxation terms. The error incurred by
neglecting the core-relaxation terms is small, as
demonstrated by Henry.? The second bracket is
obtained with the O*(2s 2p%; *P, 2P) states, where
the p -wave core -relaxation terms are neglected.
The error incurred by this approximation is as-
sumed to be small.

8

III. PHOTOIONIZATION OF O(2p*;°P)

A. Angular distributions

Recall that we are considering the photoelectron
transitions

0(2p%; °P) +hv— O(LST)*
- 0'(2p%%5°,2D% 2P% +¢~,  (30)
0(2p%; °P) +hv— O(LST)*—~ O' (25 2p*; *P, %P) +e"~,
(31)

where the quantum numbers of the intermediate
states are S=1, 7=-1, and L =0, 1,2. The photo-
ionization model, as discussed in Sec. II, does
not change the initial spin of the system (¢ =1),

but changes the parity (7 ,=+1) and the orbital
angular momentum (£ =1), since the photon has

b -wave characteristics. For example, consider
the 3p° partial wave, where the resulting chan-
nels used here are

~

. 0" (*8°) +R%
. 0" (°D°) +k3s
. 0" (®3D°) +k%d
. O"(®P%) +k%d
. O*(*P) +Ek?p
. 0" (*P) +k%
. O"(®P) +k?p
. 0" (®P) +E?p .

O(pO)*~<

X - O O s W N -

s

Note that any channel which has /; >3 was not in-
cluded, as the effect on the photoelectron angular
distributions was found to be negligible. Further-
more, at a given photon energy of kv, only the
channels which are open to photoionization

TABLE I. (do/dQ)(s?) angular distribution. The
photoelectron makes a transition from the O(2p*; *P)
state into the continuum relative to the O* (2p3%;4S?) state.
See text for a description of the columns.

M A ol A BL BV
1 902 2.38 2.77 —0.351 -0.212
900 2.39 2.78 —0.350 -0.210
890 2.43 2.82 -0.329 -0.189
880 2.48 2.86 —0.296 -0.157
860 2.56 2.93 —0.218 —0.0835
850 2.60 2.97 —0.176 -0.0443
830 2.67 3.03 —0.0911 0.0350
820 2.7 3.06 —0.0487 0.0743
800 2.78 3.12 0.0349 0.151
770 2.88 3.18 0.156 0.262
750 2.94 3.22 0.233 0.332
730 3.00 3.25 0.308 0.400
2 725.99  2.80 2.89 0.266 0.389
720 2.81 2.89 0.287 0.407
710 2.83 2.89 0.321 0.437
700 2.85 2.90 0.355 0.466
690 2.87 2.90 0.388 0.494
680 2.89 2.90 0.420 0.522
670 2.91 2.90 0.452 0.550
3 660 2.72 2.60 0.441 0.534
650 2.73 2.58 0.471 0.560
630 2.75 2.57 0.529 0.611
600 2.78 2.54 0.613 0.683
570 2.81 2.49 0.692 0.751
560 2.82 2.46 0.743 0.795
530 2.82 2.42 0.792 0.837
500 2.83 2.35 0.864 0.897
450 2.80 2.21 0.976 0.992
4 433.34  2.52 1.96 0.955 0.976
425 2.51 1.94 0.974 0.992
400 2.49 1.86 1.03 1.04
360 2.41 1.72 1.11 1.11
340 2.36 1.64 1.15 1.15
320 2.29 1.56 1.19 1.19
5 309.09 2.19 1.48 1.22 1.20
300 2.16 1.44 1.24 1.22
280 2.08 1.35 1.28 1.26
250 1.91 1.20 1.33 1.31
220 1.69 1.03 1.38 1.36
200 1.51 0.898 1.41 1.40
150 0.953 0.548 1.47 1.48
100 0.383 0.217 1.48 1.53
80 0.206 0.118 1.46 1.52
50 0.0453 0.0275 1.38 1.45
30 0.00649  0.004 72 1.23 1.27

(i.e.,k%>0) are included in the close-coupling
expansion. As a result, no autoionization effects
are included since the closed channels (i.e.,kz <0)
introduce Feshbach resonances (Henry®). However,
inSec.III B, thefirst resonance below the O* (*D°)

threshold is examined for the (do/d2)(*S°; k%) an-

gular distribution.
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TABLE II. do/dQ)(S") angular distribution for vari-
ous M. The photoelectron makes a transition from the
0(2p%;3P) state into the continuum relative to the
0" (2p%; %s% state. See text for a description of the
columns.

A M 0L O.V BL ﬁV
700 1 3.07 3.28 0.414 0.495
2 2.85 2.90 0.355 0.466
600 1 3.23 3.25 0.726 0.772
2 2.99 2.85 0.657 0.725
3 2.78 2.54 0.613 0.683
500 1 3.22 3.01 0.986 0.998
2 2.99 2.63 0.910 0.936
3 2.83 2.35 0.864 0.897

400 1 2.94 2.54 1.21 1.19
2 2.81 2.25 1.12 1.11

3 2.73 2.04 1.08 1.08

4 2.49 1.86 1.03 1.04

300 1 2.33 1.84 1.39 1.35
2 2.35 1.69 1.30 1.27

3 2.39 1.59 1.26 1.24

4 2.20 1.46 1.22 1.22

5 2.16 1.44 1.24 1.22

200 1 1.33 0.970 1.52 1.48
2 1.47 0.959 1.43 1.40

3 1.60 0.958 1.40 1.38

4 1.47 0.880 1.40 1.40

5 1.51 0.898 1.41 1.40

100 1 0.293 0.209 1.52 1.51
2 0.362 0.224 1.43 1.45

3 0.418 0.236 1.42 1.45

4 0.364 0.209 1.47 1.54

5 0.383 0.217 1.48 1.53

The O(®P) and O* (“S°) states are represented by
the Roothaan -Hartree -Fock wave functions given
by Clementi.!®* The same n! orbitals are used in
the single -configuration wave functions of all the
O* states. Experimental energy splittings between
the O* states are used as well as experimental
values for the ionization thresholds.??> The error
incurred by these approximations is assumed to
be small. Note that the O* threshold energies
are E(*D°) =0.244 30 Ry, E(°P°) =0.368 76 Ry,
E(*P)=1.09204 Ry, and E(*P)=1.93729 Ry, rela-
tive to the O*(“S°) ground state. The first ioniza-
tion threshold is located at 1.00091 Ry.

In Table I, the (do/d)(*S°) angular distribution
parameters o and 3 are presented in both the
length and velocity forms from threshold (910.44
A)to 30 A. (In all the tables, the cross sections are
given in units of 107'® cm? and the wavelengths
are given in units of A.) The term M denotes the
total number of states included in the close -cou-
pling expansion at each wavelength A. The asym-

TABLE III. (do/dQ)(2D°) angular distribution. The
photoelectron makes a transition from the O(2p*;3P)
state into the continuum relative to the O* (2p3;2D?)
state. See text for a description of the columns.

M A ol oV gL 4
2 725,99 3.74 2.88 -0.270 -0.138
720 3.80 2.93 -0.276 -0.144
710 3.89 3.00 -0.253 -0.122
700 3.97 3.07 -0.213 —-0.0845
690 4.05 3.14 -0.166 —0.0404
680 4.13 3.21 -0.115 0.006 77
670 4.20 3.26 -0.0619 0.0551
3 660 4.44 3.40 0.167 0.289
650 4.50 3.44 0.218 0.335
630 4.59 3.52 0.318 0.423
600 4.71 3.60 0.458 0.545
570 4.717 3.65 0.586 0.656
550 4.80 3.66 0.665 0.724
530 4.80 3.65 0.739 0.788
500 4.77 3.60 0.842 0.876
450 4.62 3.44 0.994 1.01
4 433.34 3.56 2.68 1.07 1.08
425 3.53 2.65 1.09 1.10
400 3.42 2.56 1.16 1.15
360 3.20 2.37 1.25 1.23
340 3.06 2.25 1.30 1.27
320 2.91 2.13 1.34 1.30
5 309.09 2.59 1.88 1.36 1.35
300 2.52 1.82 1.38 1.37
280 2.34 1.69 1.42 1.40
250 2.05 1.48 1.46 1.45
220 1.72 1.24 1.51 1.49
200 1.48 1.08 1.53 1.52
150 0.853 0.636 1.56 1.58
100 0.321 0.246 1.54 1.60
80 0.172 0.134 1.50 1.58
50 0.0398 0.0319 1.39 1.47
30 0.00621 0.00568 1.22 1.26

metry parameter is in good agreement with the
tabulated results of Starace et al.’ over the entire
spectral region.

To judge the effect of retaining the final -state
coupling, consider the (do/d)(*S°) distribution
given in Table II. We see that the coupling does
not necessarily bring the length and velocity forms
of the cross section into closer agreement. Since
it is not possible to decide which of the forms is
more accurate, a simple mean is adopted. As a
result, we see that the difference between the
mean cross sections obtained with and without
coupling can be as much as 20% in this case. Next,
we see that the coupling has a smaller effect on
the 8 asymmetry parameter. Also, the length and
velocity forms for 8 are in good agreement for
wavelengths smaller than 500 &.

In Tables III-VI, the parameters of the remain-
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TABLE IV. (do/d)(*P") angular distribution. The
photoelectron makes a transition from the 0(2p%;%P)
state into the continuum relative to the O*(2p%;2P9)
state. See text for a description of the columns.

TABLE V. (do/dQ)("P) angular distribution. The
photoelectron makes a transition from the O(2p%;’P)
state into the continuum relative to the O* (2s2p*; ‘P)
state. See text for a description of the columns.

M A oL oV gk i
3 660 2.53 1.61 -0.110 —-0.0468
658 2.54 1.62 -0.0989 0.0602
654 2.58 1.64 -0.0724 0.0889
650 2.60 1.67 -0.0433 0.119
640 2.68 1.72 0.0334 0.194
630 2.75 1.77 0.111 0.267
620 2.82 1.82 0.185 0.336
600 2.92 1.91 0.325 0.463
570 3.05 2.01 0.511 0.627
550 3.11 2.05 0.619 0.721
530 3.15 2.08 0.718 0.806
500 3.17 2.11 0.849 0.918
450 3.10 2.07 1.03 1.07
4 433.34 2.61 1.74 0.995 1.04
425 2.59 1.73 1.02 1.06
400 2.51 1.68 1.08 1.12
360 2.33 1.55 1.18 1.21
340 2.22 1.48 1.22 1.25
320 2.09 1.40 1.26 1.29
5 309.09 1.88 1.24 1.29 1.35
300 1.82 1.20 1.31 1.37
280 1.67 1.11 1.35 1.41
250 1.44 0.959 1.40 1.47
220 1.18 0.794 1.46 1.52
200 0.998 0.680 1.49 1.56
150 0.556 0.393 1.55 1.63
100 0.201 0.150 1.58 1.66
80 0.106 0.0809 1.56 1.64
50 0.0239 0.0191 1.48 1.51
30 0.004 06 0.003 39 1.27 1.28

ing angular distributions are given in both the
length and velocity forms from threshold to 30 A.
In comparing the present total cross section with
the corresponding results of Henry® below the

O* (*P) threshold, we find that the length forms
agree to within about 4% and the velocity forms
agree to within about 12%. The discrepancies
probably arise as a result of the different discrete
orbitals that were used to describe the various
bound states. Next, the ¢(*P) and ¢(*P) cross sec-
tions are quite different than those obtained by
Dalgarno et ql.2® and modified by Henry.? One
reason for this difference is that they did not in-
clude the O(2s 2p®; °P°) correlation state to com-
pensate for the 2p -orthogonality constraint. In
the present calculation, if the correlation term is
neglected in the 3P° partial wave, the resulting
cross sections are found to change considerably
and are in better agreement with cross sections
given by Henry.® Therefore, the present o(*P) and
o(®P) cross sections represent an improvement

M A ol G’V BL ﬁV
4 433.34 1.08 0.732 -0.255 -0.369
430 1.07 0.723 -0.225 -0.351
425 1.07 0.710 -0.180 -0.321
420 1.06 0.697 -0.141 -0.293
415 1.06 0.684 -0.100 -0.263
410 1.05 0.671 —0.0626 -0.234
400 1.04 0.646 0.0142 -0.171
380 1.01 0.600 0.169 -0.0286
360 0.981 0.559 0.329 0.139
340 0.951 0.523 0.493 0.331
320 0.920 0.494 0.662 0.545
5 309.09  0.840 0.436 0.925 0.914
300 0.833 0.433 0.991 1.01
280 0.817 0.428 1.14 1.22
250 0.780 0.426 1.33 1.49
220 0.728 0.424 1.50 1.70
200 0.681 0.417 1.60 1.80
150 0.511 0.363 1.77 1.93
100 0.281 0.233 1.88 1.97
80 0.189 0.167 1.91 1.97
50 0.0735 0.0720 1.96 1.99
30 0.0236 0.0249 1.98 1.99

over the previous results.

The three asymmetry parameters given in Ta-
bles I, III, and IV exhibit the same shape with
increasing photoelectron energy and are in good
agreement with the results of Starace et al.> The
B(*P) parameter given in Table V also exhibits a
similar behavior, except at higher energies it
approaches a fixed value of 2.0 (i.e., a sin%@

TABLE VI. (do/dQ)(*P) angular distribution. The
photoelectron makes a transition from the O(2p4;3P)
state into the continuum relative to the O* (2321)4; p)
state. See text for a description of the columns.

M A UL O.V ﬁL BV
5 309.09 1.41 0.608 1.94 1.90
300 1.43 0.620 1.95 1.90
290 1.44 0.630 1.95 1.91
280 1.43 0.635 1.95 1.91
270 1.41 0.634 1.95 1.92
260 1.38 0.630 1.95 1.92
250 1.34 0.620 1.95 1.92
220 1.17 0.570 1.96 1.94
200 1.03 0.520 1.96 1.95
150 0.631 0.358 1.97 1.97
100 0.276 0.182 1.98 1.99
80 0.168 0.120 1.98 1.99
50 0.0571 0.0460 1.98 2.00
30 0.0157 0.0147 1.98 2.00
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shape). The 3(3P) parameter given in Table VI
remains approximately fixed at a value of 2.0.
Therefore, with the exception of the 8(*P; k?) dis -
tribution, we see that the shapes of the photoelec -
tron angular distributions do change significantly
over the entire spectral range.

B Influence of autoionization states

The close -coupling method was shown by Fesh-
bach? to give rise to resonances when some of
the channels are energetically closed, for a given
partial wave. For autoionization to take place,
there must exist at least one continuum into which
an O* autoionization state can decay by electron
emission. The interference between the indirect
autoionization process and the direct photoioniza -
tion process gives rise to a dispersion formula
for the absorption cross section (Shore®), namely,

A(E-E,)+BI'/2

o(E)=C +DE +————(E “E) (T2

(33)
where A,B,C,D,E,, and " are energy -independent
parameters. Two parameters used in this disper-
sion formula are the resonance energy E, and the
resonance width I'. They can be obtained using a
Breit-Wigner resonance fit of the scattering phase
shifts associated with the e”-O" system (Burke,
McVicar, and Smith?),

In the previous work by Henry,® resonances in
the total absorption cross section below the O*(?D°)
and O* (?P°) thresholds were analyzed in detail.
The resonance locations were in reasonable agree -
ment with the experimental results of Huffman et
al.,?’” who obtained various Rydberg series from
the absorption spectrum of atomic oxygen. We
can expect resonance structure to be confined
within a small energy region, only a few eV wide,
just below each ionization threshold.

Within the LS -coupling scheme, let us examine
the behavior of the (do/d2)(*S°) angular distribu-
tion through its first resonance below the O*(*D°)
threshold. From an observation of Table VII, we
see that the cross section exhibits the appropriate
profile as given by the dispersion formula in Eq.
(33). Also, the asymmetry parameter has a rather
distinctive resonance profile itself. The reso-
nance is located at E,=0.118404 Ry and its half-
width is ' =0.6883(-5) Ry, which is in excellent
agreement with Smith, Henry, and Burke.?®

IV. CONCLUDING REMARKS

The angular distribution of a photoelectron from
atomic oxygen has a shape which can be strongly
dependent upon the energy of the ejected electron.
In particular, the shapes of the (do/dQ)(*S°; 2D°; *P°;
“P) angular distributions vary strongly with pho-
toelectron energy, while the shape of the

TABLE VII. (do/d2)(s®) angular distribution through
the first resonance below the Ot 2D% threshold. The
photoelectron makes a transition from the O(2p%; *P)
state into the continuum relative to the O (21)3; 4S°)
state. See text for a description of the columns.

A 0L UV BL BV
818.815 2.53 2.61 —0.0939 0.0481
815.882 2.73 2.76 —0.0457 0.0831
815.152 2.98 2.95 0.0006 0.116
814.424 4.74 4.27 0.215 0.272
814.278 7.93 6.53 0.402 0.419
814.206 16.6 12.4 0.598 0.588
814.162 57.6 38.4 0.796 0.778
814.140 400.1 244.6 0.934 0.926
814.133 2580 1524 0.989 0.987
814.130 6329 3682 1.01 1.01
814.126 1613 916.3 1.05 1.06
814.118 248.4 135.2 1.11 1.13
814.104 39.8 19.6 1.25 1.31
814.082 8.22 3.33 1.50 1.64
814.060 2.65 0.885 1.73 1.77
814.046 1.43 0.479 1.79 1.29
814.024 0.704 0.358 1.48 —0.0920
814.009 0.531 0.396 0.943 —0.606
813.987 0.460 0.510 0.0466 —0.784
813.973 0.474 0.597 -0.366 -0.757
813.951 0.534 0.727 -0.677 —0.671
813.936 0.587 0.809 -0.754 —-0.612
813.915 0.672 0.923 -0.779 —0.535
813.842 0.944 1.22 -0.662 -0.361
813.697 1.32 1.58 -0.465 —0.206
813.334 1.75 1.96 -0.291 —0.0847
812.971 1.94 2.12 -0.232 —0.0442
810.080 2.21 2.34 -0.154 0.008 14

(do/dQ)(P) angular distribution remains nearly
fixed at sin?6 (3 =2). The shapes of the present
(do/dQ)(*S°; 2D°; 2P°) angular distributions agree
well with the results given by Starace et al.’

The coupling between the final states is impor -
tant in calculating the photoelectron angular dis-
tributions. When the final -state coupling is in-
cluded, the length and velocity forms of the cross
section (o) or the asymmetry parameter (3) are
not necessarily brought into closer agreement.

If a simple mean of the two forms is adopted, the
cross section (asymmetry parameter) at a speci-
fied wavelength can change by as much as 20%
(16%), when the coupling is included. However,
at high photoelectron energies, the asymmetry
parameter changes little, when the coupling is
included. Finally, in attempting to bring the
length and velocity forms into better agreement,
it would be worthwhile to investigate such effects
as short -range correlation in the initial and final
bound states and long-range polarization of the
O* ion.
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