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PHYSICAL REVIEW A

VOLUME 20, NUMBER 3

SEPTEMBER 1979

Photoionization of chalcogen and halogen atoms: Cross sections and angular distributions

Steven T. Manson and Alfred Msezane*
Department of Physics, Georgia State University, Atlanta, Georgia 30303

Anthony F. Starace and Siamak Shahabi
Behlen Laboratory of Physics, University of Nebraska, Lincoln, Nebraska 68588
(Received 29 March 1979)

The authors present a survey of the photoionization cross sections and photoelectron angular distributions
for the outer p subshell of the chalcogen atoms O, S, Se, and Te and the halogen atoms F, Cl, Br, and L
Results are presented in the Hartree-Fock approximation as well as in the central-potential-model
approximation. An extensive analysis and comparison of the results obtained is presented which finds that
exchange-interaction effects are strongest for the n = 3 row elements.

I. INTRODUCTION

The theory of atomic photoionization has pro-
gressed rapidly since the late 1960s in response
‘to newly available experimental measurements in
the vacuum-ultraviolet wavelength range.'™ For
the most part, however, both experiment and
theory have concentrated on the study of closed-
shell atoms since these are the easiest to produce
in the form of monatomic vapors in the laboratory
and since the spherical symmetry of closed-shell
systems simplifies the theoretical effort required.
It remains true today that the interaction of radia-
tion with approximately 75% of the elements of the
Periodic Table is unstudied experimentally.?5
Theoretical studies for these same elements have
with few exceptions been limited to model potential
calculations®¢€ for the integrated photoionization
cross sections. Such calculations account for the
effects of the term level structure of open-shell
atoms on the cross sections only to the extent of
incorporating the differing binding energies of
each ionic term level in the calculations.

In this paper we present theoretical calculations
of the photoionization cross sections and photd-
electron angular distributions of the outer p sub-
shell of the chalcogen atoms O, S, Se, and Te
and the halogen atoms F, Cl, Br, and I. Our pur-
pose is to provide the same theoretical under-
standing for the outer-shell photoabsorption spec~
trum of open-shell atoms having outer configura-
tions p* and p°® as has been provided in an earlier
paper” for the closed-shell atoms having outer
configuration p%. All our calculations employ
Hartree-Fock continuum orbitals calculated in
the field of a relaxed ionic core. Dynamical effects
of atomic and ionic term level structure are thus
explicitly taken into account and comparison is
made with model potential calculations that ignore
such term level effects. On the other hand, our
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results should be regarded only as the best possi-
ble zeroth~ovder results since we have ignored
coupling between final-state photoelectron chan-
nels and configuration interaction effects in both
the initial atomic state and the final ionic state.
These effects of electron correlation that we have
ignored may be expected to change our results
quantitatively, but should not affect the qualitative
features that it is our purpose to survey.

Other theoretical work for the chalcogens and
halogens—as indeed for most open-shell atoms—
is rather sparse. Model potential calculations of
the photoionization cross sections for all the ele-
ments considered in this paper have been carried
out by McGuire.® A number of more recent model
potential calculations have been carried out for the
photoionization cross section of atomic oxygen,®!2
Manson has used a model potential to survey the
photo-electron angular distribution from p subshells
for selected elements throughout the Periodic
Table; while the chalcogens and halogens were
not studied, Manson found certain features of the
photoelectron angular distribution that are common
to all p subshells.!®* More advanced theoretical
calculations (i.e., at the level of the Hartree-Fock
approximation or better) for photoionization cross
sections and angular distributions of the chalcogen
and halogen atoms have only been done for atomic
oxygen, **"% gulfur, 22 and chlorine.?*%’

II. THEORETICAL SUMMARY

Consider the general electric dipole photoioniza-
tion process in LS coupling involving the outer p
subshell of an atom A:

Anpt(L S +w—Anp= (L,S,)el(LS,). 1)

The orbital and spin angular momenta of the atom
and of the ion core have been denoted by LS, and
LS., respectively. Electric dipole selection rules
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restrict-the photoelectron orbital angular mo-
mentum / to the values 0 and 2 (in the single-con-
figuration approximation) and the final-state or-
bital angular momentum L to the values L,, L,+1.
The occupation number of the open p subshell is
indicated by g. Atomic units will be used through-
out this section, i.e., m=e=f= 1.

A. Formula for the photoionization cross section

In the approximation that one ignores interaction

J

between alternative final-state channels, 2 the
photoionization cross section for leaving the ion
in the term level LS , i.e., for the process

Appe(L Sy)+ w-A'np® (L,S,) + e (2)

is given by summing the cross section for reaction

(1) over the final state quantum numbers ! and
L (Ref. 1):

477w & .
o(L§c):§”EJ:L; AnpaLS,| ; r [A.np”'l(LcSc)elLSO)lz. (3a)

In Eq. (3a) the symbol [L,] indicates 2L,+1 and the reduced matrix element of the electric dipole tensor

operator is given by

AnpoLyS, | t 7 |AnpTHL S )EILS,) = g *ip LSyl [np T L S ) S8, 3} (~1)1*EetEo
=1

x {Lo]“zml/z{

where

179 |

T [ PESolrnPESE(rar for 1-2
[s]

= . (8¢)
+f PLoSo(r)yPEeSeL(y)dr for 1=0.
o
In Eq. (3b) the first set of parentheses indicate a
coefficient of fractional parentage, *® the first set
of curly brackets indicate a triangular § function,®
and the second set of curly brackets indicate a
6-j symbol.?! In Eq. (3c) the radial wave functions
of the photoelectron are indicated by »"*PEo%(r) for
the initial state and by »"'PL¢Se®(») for the final
state. The superscripts indicate that these or-
bitals are term dependent.

0

B. Formulas for the photoelectron angular distribution

The differential cross section for reaction (2)
may be written quite generally (in the electric
dipole approximation) as®?

2S5 AESo [y, 6 5,)P, (coso)] @)

Equation (4) assumes that the incident light is
linearly polarized, that the target is unpolarized,
and that 6 is measured with respect to the polari-
zation direction. P,(cosf) is a Legendre poly-
nomial and 8(L_S,) is the asymmetry parameter,
whose values are limited to the range

1 Ly Lc}<np||’rm||sz>, (3b)
L 1
_1<p<2 (5)

by the requirement that the differential cross sec~
tion, Eq. (4), is always non-negative. The dy-
namical information of the angular distribution is
contained in the energy-dependent asymmetry
parameter. [Note that although Eq. (4) assumes
the incident light is linearly polarized, formulas
for the differential cross section for any kind of
light polarization may be written in terms of the
same asymmetry parameter B(L,S,)."?]

Although formulas for the angular distribution
asymmetry parameter in LS coupling have been
given by Lipsky®® and by Jacobs and Burke, 3435
we have used the angular-momentum-transfer
formulations for 8 of Dill and Fano®®3® for two
reasons. First, this latter formulation represents
8 as an incoherent sum of contributions character-
ized by a fixed value of the angular momentum
transfer j,, which is defined below. This decom-
position simplifies the theoretical analysis. Se-
cond, this formulation permits a transparent re-
duction, within certain approximations, to the
simpler formulation for 8 of Cooper and Zare.*®

The angular momentum transfer j, for reaction
(1) above is defined in LS coupling by

Te=1,-1=L,-T, (6)

where j, is the angular momentum of the incident
photon (which is equal to unity in the electric dipole
approximation). Thus, in LS coupling, j, equals
the orbital angular momentum transferred between



the atom and the ion core. The allowed values of
j, are given by Eq. (6) subject to the restrictions
imposed by angular momentum conservation, i.e.,

o+Tp=Lo+1 ‘ (7)
and by parity conservation, i.e.,
ol = Mely OF Mo(=1) =71 (—1)7, 8)

where the second expression uses the fact that the
parity of the photon is m,=~1 and that the parity of
the photoelectron is m,=(-1).

The asymmetry parameter § appropriate for
substitution in Eq. (4) is given by the following
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weighted average,

B:E;‘U(]'g)ﬁ(jg) , (9)

23;,9(5,)

where all quantities in Eq. (9) depend implicitly
on the state of the ion core (i.e., on L S,). The
sum in Eq. (9) extends over all allowed values of
je B(j,) and o(j,) are the asymmetry parameter
and the partial cross section characteristic of a
given value of j,. They are defined in terms of
scattering amplitudes S,(j,) as follows:

- |
v _Ger2)[S G2+ U= DI[S.(G)]* =304, G+ D] s, ( (j)st (]g)+cc}
av(Je) = * (10a)
By, (]c) 2]‘+1)HS (]t)l +1S (]t)ll )
r

Buntlde)==1, (10b) 5L¢S is the photoelectron’s phase shift with re-

. . 2 (2 spect to a Coulomb wave, o, is the Coulomb phase
Orar () @+ DAS.(G0) |+ |S.G | (10¢) shift [i.e., argl'(I+1-4i/k), where € (a.u.)=3k?],
Ount(ds) = @d e+ D[S |2 (10d) and RIgSeE is the radial dipole matrix integral,

In Eq. (10) the subscripts “fav” and “unf” refer to
whether the value of j, is “parity favored” or
“parity unfavored, ” according to the following
scheme®”:

(~1)/t=q,m,=j, is parity favored, (11a)

{(=1¥t=—q,m,=j, is parity unfavored. (11b)
Also, in Eq. (10) the subscripts “+”, “=”, and
“0” on the amplitudes S,(j,) denote whether I=7,+1
or [=j,, respectively; “c.c.” denotes “complex
conjugate’”’; and the proportionality constant in-
Egs. (10c) and (10d) has been omitted since it
cancels in Eq. (9).

"The scattering amplitudes S;(j,) have been ob-
tained in LS coupling in the approximation that
final-state interchannel coupling is ignored by
Dill, Manson, and Starace®®? ag

111,
000

S,(j,) < i-texplio, )[1]/?

sz: exp(idfe* ) RE S L]

% {Lo L, jt}{l’o L, lo}_ (12)
1 1 L)z 1 L ‘

In Eq. (12) I, is the photoelectron’s initial orbital

angular momentum (which is unity for p subshells),

nlg

RIgSel= f PLOSOL (4 )y PLESCL (v ) dy . (13)
4]

The constant of proportionality is omitted in Eq.
(12) since it cancels in Eq.-(9). Equations (9)-(12)
are thus the formulas used in this paper to calcu-
late the asymmetry parameter 8.

It is of interest to see how the angular-momen-
tum-~transfer formulation for 8 reduces to the
simpler expression of Cooper and Zare.*® There
are two ways in which this reduction takes place.
The first is an approximate reduction which holds
for those atoms in which the electron-ion inter-
action may be said to be isotropic, i.e., the
photoelectron phase shifts and the radial dipole
matrix elements become approximately indepen-
dent of the term levels:

exp(i5LpSeL)RLpSe L exp(idy;)R;.  (14)

isotropic
interactions

Substituting Eq. (14) in Eq. (12) and summmg over
L gives

S,(4 ) < 6(jy, L,)i~ explio, )[1]V 2
111,
000

x exp(id;)Re; - (15)

Note that in Eq. (15) the § function indicates that
only the single value j,=1[, is permitted. Sub-
stitution of Eq. (15) in Eq. (9) then gives the
Cooper-Zare expression for 8 (with subscripts €
omitted)®®:
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61,(, + 1)R1n_1R,n+1 COS(Uzn+1+ O1g41 = 93001 — 61:\-1)

(16)

The second way in which Eq. (9) reduces to Eq.
(16) is an exact reduction. It occurs when L,=0,
in which case Eq. (12) once again reduces to Eq.
(15) and only a single value of j, is allowed. For
the chalcogen and halogen atoms studied in this
paper L, =1 for the atomic ground state. Hence,
to the extent that the photoelectron-ion interactions
are anisotropic, the reduction in Eq. (14) will not
apply and we shall expect (a) that for a given ion-
core term level L_S_, the B parameter in Eq. (9)
will have contributions from values of j,#1;,, and
(b) that the 8 parameters calculated according to
Eq. (9) will differ for different ionic term levels
LS,.

For the chalcogens and halogens considered in
this paper, the geometrical factors which deter-
mine the photoelectron angular distribution are the
same in the LS-coupling approximation. This
identity stems from the fact that both groups of
elements have the same initial orbital angular
momentum L, (i.e., the ground-state term is 3P
for the chalcogens and *P for the halogens), the
same values of ionic-core orbital angular mo-
mentum (i.e., the ionic term levels are *S, 2P,
and ?D for the chalcogens and 'S, °P, and 'D for
the halogens), and the same values of final or-
bital angular momentum L (i.e., the final-state

term levels are 3S, *P, and D for the chalcogens
i

<;;2 += 2 Ulr) + €>Pes(7’) + i (%Y"(n’s, €S) = A, s)P“('r) +£

@+ DILR; ., + o+ DR L]

r

and S, P, and %D for the halogens). Hence from
Eq. (6) the allowed values of j, are the same, and
from Eq. (12) the geometrical factors which deter-
mine S,(j,) are the same. Thus the dependence of
the asymmetry parameter 8 on the phase shifts
and radial dipole matrix elements is the same for
the chalcogens and the halogens, as may be seen
from Eqgs. (9) and (10).

C. Numerical details

Hartree-Fock (HF) wave functions with full
allowance for exchange were used in these calcu-
lations. The discrete ground-state wave functions
for each of the atoms were obtained from the
tabulation of HF wave functions of Clementi and
Roetti.*® The final continuum-state wave functions
were obtained with full relaxation of the residual
ion core. The HF wave functions for these ions
were obtained for O*, F*, $*, Cl*, Se*, and Br*
from the above tabulation*® and for Te* and I' by
running the Clementi computer code.** Then, with
the ionic orbitals fixed, each continuum one-
electron HF orbital for the photoelectron was cal-
culated in the field of the fully relaxed orbitals of
a given positive ion.

Specifically, for photoionization of an outer p
electron from one of the halogen or chalcogen
atoms, the HF equation for (np)?—~ (mp)®les is

-1

Yin'p, €s)P, )

na=

+%Eyz(n:d’ (S)P,,,d(’)’)+% Eq_:I%f_Z’_YI(np’es)P (17a)
n =3 .
and the HF equation for (np)?— (np)*'ed is
@ 6 2
[t P fogro) Jeuter S vt o
_;[ Y (n'p, €d) +2Y3(n'p, €d)IP,, ,(7)
+§: (2[ O(n'd, €d) +3V*(n'd, €d) +2Y*n'd, ed)] -1, a)an(”
=3
2(6g—6~b" 21g -21-c” ) =
A5 o, <) LI E s, <) P, ) -0. | )

In these continuum HF equations, we have defined
the potential U(r) as

Up)=Z - Zzn: Y°(n's,n's) —6:\5 Yow'p,n'p)

=1
- 104: Yo(n'd, n'd

- (q - l)Yo(npynp) s (18)

—

where the symbols Y* in Eqs. (17) and (18) stand
for the following integrals:

1 ’ 1 T 12 ’ 7 14
;Y‘(nl, el ):;mf AP, (r' )Py, r')dr
e [T E e D )
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TABLE I. Allowed transitions for photoionization of the outer p subshell of the halogen and
chalcogen atoms within the single~configuration approximation.

Halogens
Final-ionic-state Photoelectron Final-state
Initial state term level state . term level
(np® °P (nph s €s 2s
€d D
p €s p
€d p, 2p
1D €s ZD
ed %s, P, D
Chalcogens
np" °p (np®) s €s 3g
€d 8p
21) €s 3P
ed p, °p
p €s p
ed 3s, %P, *p

in which the bound orbitals are those for the ion.
€ is the photoelectron energy (in rydbergs, 13.6
eV), A,  and ), 4 are the off-diagonal parameters
to ensure orthogonality of the continuum function
to the ionic orbitals of the same symmetry, and
the b’, a”, b”, and c” are all term dependent and
are given elsewhere.* Thus, although for the
sake of clarity the term dependence of the orbitals
has been suppressed, this dependence is nonethe-
less there. The interaction matrix elements
needed to derive these equations are given by
Slater.®

The equations were solved iteratively, using a
Hartree-Slater* (HS) continuum wave function as
the starting point. The off-diagonal parameters
were calculated according to

Aps=—1bn's | (2/7)Y (up, €s) |mp) (20a)
and
My o= = s a"n'd| 2/7)Y?(np, np) ed)
~(n'd|2/7)g5b"Y* (np, €d)
+455 " Y (np, ed)] |np) (20b)

which may be obtained by comparing Eqgs. (17)
for the continuum orbitals with the corresponding
HF equations for the ionic orbitals.”™!*

The calculations were carried out for each of the
nine allowed transitions, shown in Table I, for
each of the four halogen and chalcogen atoms.
Note that this table shows the transitions which
give a nonzero contribution to the cross section
using single-configuration HF wave functions for
the initial and final states. Angular momentum
and parity considerations alone allow other transi-
tions which would contribute if configuration in-

teraction in either the initial or final state is taken
into account. . For example, for the halogens the
photoionizing transition

(np®)*P + w [ (np*) 'Deg] °D

satisfies all the selection rules but has zero ampli-
tude in the single configuration approximation that
we have adopted.

The dipole matrix elements, Eq. (13), were cal-
culated in both the “length” and “velocity” approxi-
mations®” but only the results based upon the
“length” approximation using experimental ioniza-
tion potentials are presented herein. This choice
has been made because it is the “length” form of
the dipole matrix element which is gauge invariant
using a HF Hamiltonian*>*® as well as the fact that
experience has shown that the “length” formula
is generally superior (closer to experiment) for
HF oscillator-strength calculations.”*” Note how-
ever that the photoelectron angular distribution
asymmetry parameter 8 has been shown to be
generally rather insensitive to the dipole matrix
elements and hence to the formula used to calcu-~
late these matrix elements; the phase shifts are
far more crucial determinants of 8."*®

II. RESULTS AND DISCUSSION

A. Cross sections

The calculated cross sections for outer p sub-
shells of the halogens (F, Cl, Br, I) and the
chalcogens (O, S, Se, Te) are given in Figs. 1 and
2, respectively. For each element, we present
the total cross section as well as the partial cross
sections, which correspond to particular term
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FIG. 1. Photoionization
cross sections for the
outer np subshell of the
halogen atoms. The
J partial cross sections for
the transitions np® (*P)
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levels of the residual ion. The multiplet structure
of the final ionic state is seen in the various dis-
crete “jumps” made by the total cross section near
each partial cross section threshold. Aside from
this threshold structure, however, the halogen and
chalcogen atoms in each row of the Periodic Table
have total cross sections which are remarkably
similar to the noble gas at the end of that row,”

as well as to each other.

The cross sections for O and F are quite like
each other and each is like that for Ne. These
cross sections have no Cooper minima™*»* gince
the 2p subshell is nodeless.* The partial cross
sections rise slowly above their thresholds, and
the total cross section reaches a maximum of
~10 Mb just above threshold. Both partial and
total cross sections fall off gently at higher photon
energies. The maximum value of the total cross

+w—npt(®P,1D,18)+ e
are indicated by the

dashed curves. The total
cross section is indicated
by the solid curve.

hv/R

section decreases with increasing Z along a row,
i.e., from O to ¥ to Ne.

For the n=3 row, i.e., S and Cl, the general
shape of the cross section is quite different. Here
a Cooper minimum is seen in each partial cross
section as well as in the total cross section. The
overall shape of each total cross section, away
from the multiplet structure near threshold, is
very much like that for the Ar 3p subshell. The
maximum value attained by the total cross section
decreases with increasing Z along a row, i.e.,
from S to Cl to Ar.

The chalcogens and halogens in the next two
rows (i.e., Se and Br for n=4 and Te and I for
n=75) all have cross sections which have Cooper
minima due to a change in sign of the np -~ €d
radial dipole matrix element. However, these
minima cannot be seen in the figures owing to the
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strength of the np —-€s transition, which dominates
the cross section in the neighborhood of the mini-
mum in each case., This corresponds exactly to

the same occurrence in the noble gases Kr and Xe. .
Even when they do not have a significant effect on
the cross sections, these Cooper minima have a
very significant effect on the asymmetry parameter
B, as will be discussed in Sec. IIIB. Aside from
this submersion of the Cooper minima, the cross
sections for the =4 and n =5 subshells behave
substantially like those for the n=3 row.

-Thus the cross sections for the outer subshells
of the chalcogens and halogens may be classified
according to two distinct patterns, one corres-
ponding to that for the n=2 row and the other
corresponding to that for the n=3, 4, and 5 rows
with the proviso that the Cooper minimum is clear-

ly observable for n=3 but submerged for n=4 and
5 as noted above. A similar distinction may be
made between the cross sections for Ne and the
other rare gases. In fact, each of the rare gases
have cross sections similar to that for the chalco-
gen and halogen atoms in the same row.

One final general feature of the total cross sec-
tions is that in going down a column of the Periodic
Table one finds the maximum value attained by the
total cross section increases while at the same
time the total cross section falls off more rapidly
at energies above the maximum. This behavior
is also exhibited by the noble gases.

Turning now to the individual partial cross sec-
tions some general statements can be made. If the
term dependence of the ionization thresholds and

‘of the radial dipole matrix elements is neglected
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then the partial cross sections for leaving the
halogen ions in the *P, D, 'S term levels have a
9:5:1 branching ratio while the partial cross sec-
tions for leaving the chalcogen ions in the 2D, “S,
2P term levels have a 5:4:3 branching ratio. These
ratios are obtained by evaluating the geometrical
factors in Eqs. (3).5' Deviations of our calculated
branching ratios from these geometrical ratios
are due to dynamical effects which induce a term
dependence in the dipole matrix elements and in
the ionization energies. It is expected that these
term-dependent effects will be of greatest signifi-
cance near the thresholds where the term-depen-
dent splittings and exchange interactions are most
important.

For the halogens, o(*P)>a('D)>0c(%S) over the
entire energy range shown in Fig. 1; this is just
the ordering implied by the geometrical factors
discussed above. Note, however, that the geo-
metrical ratios are fairly large for the halogens
so that even near threshold, where the dynamical
effects are of greatest importance, they are
nevertheless not large enough to change the rela-
tive ordering. The magnitudes of the branching
ratios are certainly not however, predicted
correctly by the geometical ratios near threshold
where, e.g., the 0(3P):0(*D) ratio for I is only
slightly larger than unity and most assuredly not
9:5. )

For the chalogens, shown in Fig. 2, the geo-
metrical ratios do not even predict the relative
ordering of the partial cross sections correctly.
In fact, there is much crossing of the partial cross

MANSON, MSEZANE, STARACE, AND SHAHABI 20

sections. This behavior is due to the fact that the
geometrical ratios are so close to unity in this
case, i.e., 5:4:3, that the dynamical variations of
the dipole matrix elements easily cause a re-
ordering of the partial cross sections. At the
high-energy end of the curves shown, i.e., for
w="T Ry, the ordering is however as predicted by

- the geometrical ratios. The measurement of these

branching ratios provides important information
about dynamical effects in the photoionization pro-
cess.

The accuracy of the present calculations can best
be judged by comparison with experimental data,
which are unavailable, however, except for O. A
comparison of the present calculation for O with
the experimental data of Cairns and Samson®? and
Kohl et al.®® is shown in Fig. 3. It is seen that
above the 2P threshold agreement between theory
and experiment is good, the theoretical values
lying well within experimental error bars. Below
the 2P threshold, however, the theoretical values
are consistently below the experimental measure-
ments. It is believed that this is due to the neglect
of autoionizing resonances in the present HF cal-
culations. The energy region between the S and
’P threshold has many autoionizing states so that
the measured cross sections should be somewhat
higher than our predicted values. This is also
consistent with the detailed results of Taylor and
Burke' and of Pradhan® which show numerous
resonances containing substantial oscillator
strength in the region of 15~20 eV. This points
out an important caveat to bear in mind concerning

15

O (Mib)

FIG. 3. Photoionization
cross section of atomic
oxygen. Solid line, present
HF results; solid circles,
experimental measure-

] ments of Cairns and Samson
(Ref. 52); open circles,
experimental measurements
of Kohl et al. (Ref. 53).
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FIG. 4. Theoretical predictions for the photoioniza-~
tion cross section of atomic chlorine, Solid line,
present HF results; crosses, close-coupling results of
Comneely et al. (Ref. 21); solid circles, RPA results
of Starace and Armstrong (Ref. 24); triangles, RPA
results of Cherepkov and Chernysheva (Ref. 25); open
circles, R-matrix results of Lamoureux and Combet-
Farnoux (Ref. 26); dash-dotted and dashed lines, MBPT
length and velocity results of Brown et al. (Ref, 27).

the present calculations: since autoionizing re-
sonances were not included in the present calcu~
lations, the theoretical photoionization cross sec-
tions in the region of a few eV below each thres-
hold should not necessarily be considered indica-
tive of the experimentally measured values except
in an average sense. Away from the resonances,
on the other hand, we find good agreement (within
~10%) with Refs. 19 and 20.

Although no experimental cross sections have
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been reported for the other atoms considered in
this paper, numerous more detailed calculations of
the photoionization of chlorine have been perform-
ed.?» 227 A comparison of our results with these
other theoretical results is shown in Fig. 4. None
of the results shown include autoionization so they
are directly comparable. It is difficult to reach a
conclusive assessment of the accuracy of our re-
sults for Cl, as can be seen from Fig. 4, owing to
the significant differences which exist among the
various calculations. We can conclude, however,
that our results are not grossly inconsistent with
other theoretical results.

B. Asymmetry parameters

Employing the formulation described in Sec. II,
computations have been carried out for the asy-
mmetry parameter 8 for photoionization of the
outer p subshell in each of the halogens ¥, Cl, Br,
and I and the chalcogens O, S, Se, and Te. Our
results are shown in Figs. 5 and 6, respectively.
For each element, B is given for each of the three
photoelectron groups corresponding to the three
ionic term levels. In addition, the results of
Hartree-Slater'>** (HS) central potential calcu-
lations of 8 are shown for comparison; only a
single curve is given for each element since in the
central-potential approximation used the dynamical
quantities are independent of the term level struc-
ture of the ion. These HS results were calculated
using Eq. (16). .

Inspection of Figs. 5 and 6 shows that for the

FIG. 5. Asymmetry
parameters g for the outer
np®(?P) subshells of the

halogens. Solid lines, g
parameters corresponding
to the ®P, 1D, and 1§

jonic terms levels calcu-
lated in Hartree-Fock
approximation; dashed
line, Herman-Skillman
central-potential approxi-
mation for g.

N
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FIG. 6. Asymmetry parameters g for the outer np*(°P) subshells of the chalcogens. Solid lines, B parameters cor-
responding to the %S, 2D, and 2P ionic term levels calculated in Hartree-Fock approximation; dashed line, Herman-

Skillman central-potential approximation for g.

halogens and chalcogens the geheral behavior of
the asymmetry parameter 8 as a function of photo-
electron energy € is twofold: one behavior is
characterisitic of p subshells whose continuum
cross sections have no Cooper minimum, such as
those in F and O; the other is characteristic of

p subshells whose continuum cross sections do
have Cooper minima, such as those in Cl, Br, 1,
S, Se, and Te.'?

The asymmetry parameters for O and F are
very similar and all are similar to that for Ne.”
Each $8 has a threshold value that is nearly zero,

a short rapid dip and subsequent rise just above
threshold, followed by a more gradual rise and a
flattening out to a value of about 1.5 at higher
photoelectron energies. The HF results for each
ionic term level are almost equal to each other and
to the HS curve at any given photoelectron energy.
This is due to the fact that the exchange interac-
tions of the continuum electron with the ionic core
(which are the origin of the term-dependence of
dipole matrix elements and phase shifts) are ex-
tremely weak in the =2 row of the Periodic Table.
The rapid variation of the 8’s for O and F near

threshold is due almost entirely to the rapid
variation of the Coulomb phase-shift difference
between the d- and s-continuum states and is a
general characterisitic of the threshold behavior
of p-subshell asymmetry parameters.'?

For the chalcogen and halogen atoms in the =3
row of the Periodic Table, i.e., S and Cl, the
other general shape is seen. For these atoms, the
#’s have a small value near threshold, rise rapidly
to a maximum (with a value nearly equal to 2), then
fall to negative values, and subsequently rise
smoothly. This general shape is characteristic of
a p subshell whose photoionization cross section
has a Cooper minimum. Again, the rapid variation
of the 8’s near threshold is due to the rapid varia-
tion of the Coulomb phase shift differences. The
sharp drop of the 8’s near € =2 Ry is due to the
zeros in the dipole matrix elements which are
associated with the Cooperkminima in the corres-
ponding cross sections, i.e., the np —ed dipole
matrix elements go through a change of sign in
this energy region. The most striking feature of
these n=3 results, however, is the quantitative
difference between the 8’s for the three ionic term



levels. This is in sharp contrast to the situation
for O and F and is due to the much greater strength
of the final-state exchange interactions in S and
ClL

The energy at which =0 for a given ion term
level corresponds roughly to the energy at which
the partial cross section for that ionic term level
has a Cooper minimum. This correspondence is
exact within the central-potential model, where
for a p subshell the Cooper-Zare formula in Eq.
(16) gives

_2R;—~4R.R, cos(0;+0,~ 0, = §,)

B= RZ+2R; ’ 1)
When the radial dipole matrix element for the
p ~d transition, i.e., R,, equals zero, Eq. (21)
predicts that =0. The more general expression
for B given by Egs. (9)-(12) is not so easy to
analyze since, as shown in Table I, there are in
general several final-state d channels associated
with a given state of the ion. The radial dipole
matrix elements for these final-state channels will
in general go through zero at different energies.
Thus the energy at which $=0 is an “average” of
the energies at which each of the radial dipole
matrix elements goes through zero and corres-
ponds roughly to the location of the Cooper mini-
mum in the associated partial cross section.
Generally, the lower the energy at which 8=0 the
more attractive is the effective potential seen by
the photoelectron. This is because the continuum
d wave must move in toward the origin as the
photoelectron energy increases in order to produce
the cancellation of positive and negative components
of the dipole integrand that result in a zero dipole
matrix element. '

For Cl Fig. 5 shows that B(S) goes through zero
at the lowest photoelectron energy, indicating that
the effective potential seen by the photoelectron
is most attractive for the 'S ion term level. By
the same argument, the 'D effective potential is
less attractive and the P one is the least attrac-
tive. Exactly the same sort of phenomenon is seen
for S (cf. Fig. 6) where the ?P ion term level has
the most attractive effective potential and *S the
least. These results are a consequence of the
different strengths of the exchange interactions
between the photoelectron and the ion for each of
the ion term levels. Note that for both Cl and S,
the HS result for 8 goes through zero at an energy
lower than that of any of the zeros in the 8’s calcu-
lated using HF wave functions. This is because
the approximation to exchange in HS is purely
attractive and, compared to those in the more
accurate HF calculations, is too attractive. For
the =4 and =5 rows of the Periodic Table, the -
situation is substantially similar to n=3 described
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above. The ordering of the zeros in the 8’s for
the different ionic term levels is exactly the same
as in the =3 cases and the HS results again indi-
cate the attractive nature of the HS exchange. The
ordering remains the same because the relative
attractiveness of the exchange interactions is due
entirely to geometrical factors, i.e., the geo-
metrical coefficients which enter the HF equations,
Eqgs. (17). The size of the separations between the
8’s for different term levels is a dynamical effect
which depends upon the detailed shapes of the con-
tinuum wave functions and their overlap with dis-
crete ionic orbitals, i.e., it depends upon the
magnitude of the exchange integrals.

Figures 5 and 6 show that in going down the
columns of the Periodic Table associated with the
chalcogens and halogens, there is virtually no
separation between the different 8’s for n=2,
large separations for =3, and decreased separa-
tions for =4 and n=5. These separations corres-
pond to the magnitude of the effective photoelec-
tron-ion exchange interactions. The dominant
exchange interaction between the €d electron and
the ionic electrons is that with the outer np sub-
shell. That this interaction is small for the n=2
row (i.e., for O and F) is reasonable since the
e€d wave function has its first maximum at a rather
large radial distance while the nodeless 2p wave
function is quite compact. For n=3 (i.e., for 8
and Cl1), on the other hand, the 3p wave function
is much more diffuse and has a node, so that the
overlap with the €d wave-function is greater and
the exchange integrals much larger. Going to the
n=4 row (i.e., Se and Br), the situation is sub-
stantially the same as for n=3; the 4p and ed wave
functions have one more node each, however, and
this leads to some additional cancellation which
decreases the exchange slightly from that for
n=3. This same trend continues ton= 5 (i.e., Te
and I) for precisely the same reasons.

A more quantitative description of these aniso-
tropic exchange interaction effects may be given
by introducing certain average phase shifts and
radial dipole matrix elements and then considering
the magnitude of the deviations about these aver-
age values. We introduce first the average phase
shift §,,(L.S,) and radial dipole matrix element
R(LS,) at photoelectron energy € corresponding
to the *¢*!L_ ion term level, where these aver-
age quantities are defined by the equation

exp[i&d(LcSc)]R_e d (L csc)

= [ZO]Z exp(ioleSeL)RESL[ L]
L

X{Lo Lc ]l} {LO Lc lo} (22)
12 1 L)y(2 1 L
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The summation on the right-hand side appears in
Eq. (12) for the amplitude S,,,(j,=1). In the cen-
tral~-potential approximation the phase shifts and
dipole matrix elements on the right-hand side of
Eq. (22) do not depend on the term level quantum
numbers and the summation over angular factors
may be performed analytically to yield

(5,22 [H{L" Le j‘}{]“‘ Le .ZO}:ﬁm- 23)

Lo (2 1 L)t2 1 L

Thus in the central-potential approximation Eq.
(22) becomes an identity provided that we set j, =
l,=1 on the right~hand side in Eq. (22). (Note that
js=1 is the only angular momentum transfer that
contributes to the p-subshell cross section and
angular distribution asymmetry parameter in the-
central potential approximation [cf. Sec. II,
especially Eq. (14)ff].) Given the average phase
shifts and radial dipole matrix elements for each
ionic term level according to Eq. (22) (withj,=1)
we now define phase shifts 8ed and radial dipole
matrix elements Red averaged over the three ionic
term levels occurring for the halogens and chalco-
gens:

exP(iged)ésdE% Z expliB, (LS. Req(LS,) . (24)

LeS, :
Multiply Eq. (24) by [exp(i6, ,)R,,]"* and take the
imaginary part of both sides to get

_i_ Sin(sed(LcSL) - Sed)Red (Lcsc)
3 LerSe Red

The imaginary part on the right-hand side of Eq.
(25) must be zero. A measure of the variation of
Bea(L.S,) and R, ,(L,S,) about the average values 3,
and ﬁea is thus the square root of one-third the
sum of the squaves of the individual terms in Eq.
(25), i.e., ’

0=

(25)

5= ( 15~ sin”5,,(L,S,) - SEd]l_%fd(LcSc)> U2z,
3icse k2,

(26)

Note that in the absence of anisotropic interactions
the phase shifts and dipole matrix elements have
no term dependence and hence A5 =0, AS may be
correlated with the standard deviation of the asym-
metry parameters,

1/2
Aﬁ=(§2 [B—ﬁ(Lc,Sc)P) s @7
LS,
where B is the average of 8. AS and AB were cal-
culated at each photoelectron energy € for each
element. In Fig. 7 we show a plot of the logarithm
of A8 vs AS for a photoelectron energy € corres-
ponding to the first maximum in AB above thres-
hold in each element. We see firstly that O and F

‘cl
*T
Br
g 1 oTe

*Se

.0

oF

00 o _20 30
AS (PER CENT)

40

FIG. 7. Plot of the standard deviation Ag of the
three p subshell g’s for each of the halogens and
chalcogens at a photoelectron energy corresponding to

~ the first maximum in Ag plotted vs a measure AS

[defined by Eq. (26)] of the variation in the phase shifts
and radial dipole matrix elements at-the same photo-
electron energy.

(i.e., the =2 row elements) are anomalous. The
n=3, 4, and 5 row elements however appear to
follow a linear trend. For both the halogens and
chalcogens the n=3 row elements S and C1 have
the largest values of AS and AB relative to the
corresponding n=4 and 5 row elements. Further-
more for #»>2 all the halogens appear to have
larger anisotropic effects than the chalcogens.
Figure 7 thus quantifies our earlier discussion of
the relation between the magnitude of the electron-
ion exchange interactions (and their effect on the
phase shifts and radial dipole matrix elements) and
the resulting separations between the various
angular distribution asymmetry parameters.

IV. FINAL REMARKS

The Hartree-Fock results presented survey the '
systematics of the photoionization cross sections,
branching ratios, and photoelectron angular dis-
tributions of the outer p subshells of the (open-
shell) halogen (F, Cl, Br, I) and chalcogen (O, S,
Se, Te) atoms. The most striking feature of these
results is that anisotropic interactions, which re-
sult from exchange forces between the photoelec~
tron and the ion, are negligible in the n =2 row
(O, F) and largest in the n=3 row (S, Cl). The
size of these interactions is reflected in the
splitting among the 8’s for alternative final ionic
states. Thus, measurements of these 8’s for
open-shell atoms will shed light on the strength
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of anisotropic interactions, and should be vigor-
ously pursued.

Another notable feature is that the branching
ratios of the partial cross sections for alternative
final ionic states differ markedly from the geo-
metrical values for all of the atoms considered
except those in the =2 row (i.e., O and F). These
deviations are a manifestation of the dynamical
interaction effects within the systems studied.
Thus branching ratio measurements would give
valuable information on the various interaction
strengths and should be given high priority. Note
that even 7velative measurements, such as those
performed recently at 584 A for the halogen
atoms, **%® are extremely valuable since they pro-
vide these branching ratios. However, it would

be preferable to perform such measurements over -

a wide energy range in order to see the trend of
the branching ratio data, especially since it is
known that such branching ratios vary rapidly m
the vicinity of resonances.®”%®

Finally, note that these results were obtained
neglecting correlation effects (i.e., neglecting
those electron-interaction effects not included

within the HF approximation). It would be ex-
tremely useful to know how correlation affects
these results. We are fairly certain the qualita-
tive nature of our results would not change, but
the magnitude and systematics of any additional
anisotropic interactions resulting from the in-
clusion of correlation would be of great interest.

. So also would be a knowledge of precisely which

types of correlation are the most important ones
in each case.
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